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AN ELECTROPHORETIC SURVEY OF VARIOUS 
ANIMAL PLASMAS 


By H. F. DEUTSCH anpb M. B. GOODLOE 
(From the Department of Physical Chemistry, University of Wisconsin, Madison) 


(Received for publication, June 7, 1945) 


Previous electrophoretic studies have been reported on the plasma and 
S gerum proteins of man and of various animals, often in connection with a 
§ pathology involving the blood proteins of the animal in question. However, 
F among the animals studied, there seldom exists a strict basis of comparison, 
F since different investigators have carried out their experiments in different 
§ buffers of varying pH and ionic strength. Moreover, various optical devices 
P have been used to resolve the protein concentration gradients. 

' It was the purpose of this investigation to determine the electrophoretic 
f constituents of plasma, under identical conditions in so far as possible, of a 
S yariety of easily accessible animal species in order to ascertain differences in 
Peomposition. Extensive studies of any given animal or determinations 
Smade under varying conditions were not attempted. In the species of 
Sanimals examined, a complexity and variation of proteins that are both 
Pinteresting and provocative of thought have been revealed. 


EXPERIMENTAL 


| Whenever possible, food was withheld overnight from animals prior to 
Pbleeding in order to minimize plasma turbidities due largely to lipemia. 
S Bufficient blood was removed to permit an electrophoretic analysis for an 
individual animal. 5 to 8 volumes of blood, usually obtained by cardiac 
puncture, were immediately mixed with 1 volume of isotonic sodium oxalate 
0.1m). After centrifugation, the supernatant plasma was removed with 
B8 pipette and diluted to a protein concentration of 2.5 to 3.5 per cent, the 
PRigher protein range being used for samples low in globulins to provide 
Peufficient areas under the curves to permit a better evaluation of their 
Sboundaries. ‘The samples were placed in bags of Visking tubing and 
S@ialyzed with agitation for 20 to 60 hours at 0° against two changes of a 
Pbuffer, 0.05 m in diethylbarbituric acid, 0.00765 m in sodium citrate, and 
Padjusted to pH 8.6 with sodium hydroxide.' After dialysis the samples 
were centrifuged briefly to remove any cellular débris that may have been 
Pmtroduced into the dialysis bag. The conductivity of the final dialysate 
PWas measured by means of a Wheatstone bridge assembly, with the conduct- 
fance cell mounted in the electrophoresis bath. 


© * The veronal buffer of Longsworth (1), modified by the addition of sodium citrate. 
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4 COMPARISONS OF ANIMAL PLASMAS 


The electrophoresis experiments were carried out in a modified (1) 
Tiselius apparatus, with a long, single section cell of 11 ml. capacity. A 
constant potential gradient of between 5 and 6 volts per cm. and a tempera- 
ture of 1° were maintained. The duration of the electrophoresis experiment 
varied from 7200 to 10,800 seconds, the experiment being discontinued when 
the albumin (or component which is designated as f) on the ascending side 
had reached the end of the electrophoresis cell. : 


Il 
Mobilities of Plasma of Various Species 
All mobilities are expressed as 1 X 107° sq. cm. per volt per second. 


Species | | 8 a | ay | Albumin 

1.3 | 2.3 | 3.1 4.3 | 54 | 6.6 
| 1.4 2.2 | 3.3 42 48 | 5.4 | 6.6 7.4 
on | 1.4 | 2.86 | 3.7 | 4.8 | 6.8 | 7.1 | 7.9 
| are | 1.8 | 2.8 | 3.7 | 44 | 5.2 | 65 | 7.3 
| 1.4 | 2.6 | 3.7 4.7 | 5.5 | 7.0 
161 29.6 | 3.4 4.3 | 5.3 | 6.8 
24 i 4.1 | 5.6 | 7.3 
1.2 2.4 3.3 4.4 | 5.7 | 6.8 
Fox 1.8 | 3.2° 5.2 | 64 | 7.5 | 
16 | 2.6 | 3.4 | 4.1 | 5.2 | 6.3 | 7.7 
22 | 3.2 | 3.7 | $8 4.2) 4.9 
1.4) 2.4 | 3.5 | | | 6.8 
Guinea pig... 10 | 21 | 3.0 | 44] 4.9 | 5.4 6.1 
vies 16 | 2.7°| | 6.8 | 
..........) 46 6.1 £7.3 8.1 

2.5% | | 4.1 54 | 68 | 7.5 | 
owns 1.7 | 2.9°| 4.1 | 5.0 | 5.9 | 6.7 
Pheasant............ 1.7 | 2.9°| 3.6 | 4.2 | 5.2 | 
Pigeon nae” 4.6 | §.2 | 6.4 7.8 
ee 2.6 | 3.7°| 4.9 | 58 | 6.7 | 74 
Carp 1.8 | 2.6 | 3.4 | 4.0 | 68 | 


* Value for ¢ + 8. | 
t Area too broad for mobility to be of significance. 
t Value for y + @ + 8. 


The cylindrical lens schlieren method as modified by Svensson (2) in com 
junction with a diagonal knife-edge was used to photograph the moving 
boundaries. After enlargement, projection, and tracing, the areas under 
the curves were measured with a planimeter and the percentage compositioa 
was calculated from these figures. This calculation as well as that of the 
mobilities of the different proteins was made from measurements of the 
descending sides only, the net movement of any given component being 
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obtained by measuring the distance from the center of the salt boundary to 
the center of the area of the peak in question. The average percentage 
composition and mobilities of the plasma of all species studied are shown in 
Tables | and II respectively. Included in Table I is the plasma protein 
component with which the turbidity moved. The components of the 
plasma with which the turbidity moved were determined by qualitative 
observation of the light transmitted throughout the schlieren diagram. 
Results of individual experiments for the various animal species are given 
below. In describing components we have used the usual nomenclature. 
In certain species, small amounts of a component appeared on the fast 
shoulder of the albumin peak and is designated f. While false boundaries 
due to convection currents appear more frequently just ahead of the albu- 
min peak than anywhere else in the cell and might explain such a boundary, 
this does not appear to be the case here. The appearance of the f compo- 


Fic. 1. Electrophoretic diagram of human plasma 


nent was consistent in a given species, and, moreover, did not disappear 
when the plasma was studied at lower voltages than those usually used. 
This area has been considered as albumin in calculating the albumin- 
globulin ratios. Since human plasma has been studied rather extensively, 
it will be used as the basis for comparison of other plasmas. 

Human—The usual six electrophoretic components including a descend- 
ing 8 anomaly as recorded by various investigators (1-5) for human plasma 
are seen in Fig. 1. ‘The results of three experiments shown in Table I give 
averages for these constituents that are compatible with values reported by 
Longsworth (1), Dole and Braun (4), and Perlmann and Kaufman (5) 
for human plasma in barbiturate buffer, pH 8.6. 

Monkey—The plasmas of three rhesus monkeys were analyzed. As 
shown in Fig. 2 there is a marked resemblance to human plasma, although 
three a-globulins appear and a small amount of material moving faster than 
albumin is present. Analysis of these patterns reveals a somewhat lowered 


Alb. 
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6 COMPARISONS OF ANIMAL PLASMAS 


amount of albumin compared with humans and slightly higher fibrinogen : 
and §-globulin areas. 

Horse—The blood used was obtained from aged horses at the time of 
slaughter. Previous electrophoretic analyses of horse serum have been 
reported by Svensson (6), van der Scheer et al. (7), and Tiselius and Kabat 
(8) under pH conditions which do not allow an easy comparison with our 
results at pH 8.6. Longsworth (1) has indicated that a more satisfactory 
pattern for horse plasma is obtained with a phosphate buffer than with a 
barbiturate system. In Fig. 3 a typical electrophoretic pattern is presented, 
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Fic. 3. Electrophoretic diagram of horse plasma " 
No distinct separation of y-globulin and fibrinogen is seen. Chemical “s 
analyses indicate that fibrinogen constitutes 5 to 6 per cent of the horse sles 
| plasma proteins (9, 10). Hence the area we have designated as fibrinogen of fh 
may consist of another or of several other proteins, very likely analogous to indi 
the T component of van der Scheer et al. (7), an entity shown to be espe- 
| cially high in hyperimmune horse serum. Horse plasma shows evidences } "eo 
of the separation of two 6-globulin components, although no 8 anomaly | ang 

similar to that found in human plasma is evident. The opalescence was high 

found to move with the 8-globulin area in agreement with the observation } a 
of Svensson (6). Two distinct a-globulins are present and are well sepa- albu 


rated from the albumin peak. The appearance of the f component, while 
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suggestive of a convection disturbance, appeared consistently in the plasma 
of this species. An extremely low albumin-globulin ratio further character- 
izes this plasma. 

Swine—The blood of individual swine was obtained at the time of 
slaughter. A typical electrophoretic diagram is shown in Fig. 4. In this 
species y-globulin is present in rather large amount and appears to be some- 
what heterogeneous. The characteristic tall peak of fibrinogen lies in close 
proximity to that of the 8-globulin and its large area suggests the presence of 
an additional protein or proteins having the same mobility. Chemical 
analyses indicate that approximately 8 per cent of the plasma protein of 
pigs is fibrinogen (10). A typical anomaly on the descending side is present 
in the 8-globulin peak. The a-globulin present is separated into two dis- 
tinct portions, a small a; and a slower moving a: area present in a noticeably 
larger amount, 2 to 3 times that of the faster moving a; component. It was 


Fia. 4. Electrophoretic diagram of swine plasma 


found that the plasma turbidity migrated with the a-globulin in agreement 
with the findings of Svensson. Our results obtained from these experi- 
ments differ somewhat from those obtained by Svensson for serum in phos- 
phate buffer, pH 7.7 (6), as is to be expected. 

Cow—-Blood was obtained from a slaughter-house. The plasmas showed 
relatively poor resolution for the slower globulins. Thus no clear separation 
of y-globulin and fibrinogen is evident. Chemical analyses of bovine 
plasma for fibrinogen (9, 11) show considerable variation but indicate a level 
of from 3 to 10 per cent of the plasma protein. The high level of fibrinogen 
indicated by our electrophoretic analysis suggests that an additional protein 
or proteins may move in this area. The character of the area in Fig. 5 
usually designated y-globulin gives evidence that some faster y-globulin 
may extend into this area and be partially responsible for the apparently 
high fibrinogen level. Two a-globulins, rather closely associated, are pres- 
ent in approximately equal amounts and separate distinctly from the 
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Sheep—aAs indicated by Fig. 6, sheep plasma shows very poor resolution 
of components and the analysis for percentage composition of the several 
protein constituents is correspondingly difficult. The percentages and 
mobilities shown for the components in Table I represent an arbitrary an- 
alysis at best. The only component which has been evaluated with accu- 
racy is the albumin. The y-globulin appears to consist of two components, 
the faster of which has a mobility in close proximity with that of the 
fibrinogen. Chemical analyses of sheep plasma show the latter protein to 
constitute approximately 6 per cent of the plasma proteins (9, 10). Poor 


Fic. 5. Electrophoretic diagram of cow plasma 
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Fic. 6. Electrophoretic diagram of sheep plasma 


resolution under the conditions of our experiments makes impossible, how- Hov 
ever, a good electrophoretic determination of the fibrinogen. The # occu 
globulin area appears to consist of two poorly defined proteins, in the faster and 
of which an anomaly of varying intensity appears. The slower moving 8 an 
portion of this 8-globulin area is not separated from the fibrinogen. Per- 
haps the faster moving 8-globulin protein better be classified as an a-globu- 
lin. The data given in Table I should be considered with due regard to 
these facts. 

Goat—The animal studied was a female Toggenburg. As shown in Fig. 
7, the plasma protein of this animal resolves well under the experimental 
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conditions. ‘The amount of fibrinogen found and recorded agrees well with 
the value reported for chemical analyses (12). A small peak analogous in 
mobility to 8-globulin appears on the fast side of the fibrinogen on the 
descending side and as a more distinct entity on the ascending limb of the 
pattern. The turbidity moves with the next component which we have 


designated a.-globulin on the basis of its mobility. An anomaly appears . 


with this peak. Such designation results in a very high percentage of the 
plasma proteins of the goat as a-globulin entities. 


Fic. 7. Electrophoretic diagram of goat plasma 


Fic. 8. Electrophoretic diagram of dog plasma 


Dog The electrophoretic pattern of Fig. 8 for dog plasma shows a close 
resemblance in separation and mobility of components to that of humans. 
However, good separations of y-globulin, fibrinogen, and 8-globulin did not 
occur on the descending side, in agreement with the recent work of Zeldis 
and Alling (13). However, in contrast to these authors, we observed no 
Banomaly. As compared to the variable results of chemical analysis for 
fibrinogen, which indicate from 4 to 10 per cent fibrinogen in dog plasma 
(10, 14, 15), the relatively higher level of fibrinogen evidenced in this work 
suggests the presence of an additional component in this area. Such a pro- 
tein would be compared to the so called T component of horse serum (7). 
Two relatively unsymmetrical a-globulin boundaries are present. The 
a-globulin shows separation into two components on the ascending side. 
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The a-globulin is relatively high in amount as compared to human plasma, 
while the reverse is true for albumin. The analytical data of Zeldis and 
Alling (13), while showing more individual variation of all components and 
higher albumin values, are in essential agreement with our work. Al- 
though our d-globulin areas were designated a; and a», they were not homo- 
geneous and, particularly on the ascending side, might have been divided 
into as many as four a-globulins, as was done in some of the analyses of 
Zeldis and Alling (13). 


Fig. 10. Electrophoretic diagram of cat plasma 


Fox—The animals used were ranch-raised silver fox. As is seen from 
Fig. 9, their plasma is characterized by a low y-globulin content, failure of 
the fibrinogen and 8-globulin components to resolve, and the presence of 4 
broad, irregular a-globulin area. A characteristic 8 anomaly was present 
on the descending side. A broad a-globulin area, while not showing good 
resolution, was calculated as an a; and an az component. The correspond 
ing ascending area was extremely complex. 

Cai—It appears from Fig. 10 that cat plasma is characterized by a mult 
plicity of components that show good separation. The 8-globulin possesses 
an anomaly on the descending side. The area immediately following this 
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component, although rather closely associated with this anomaly, is analo- 
gous in position and mobility to human az-globulin. On the ascending side 
this component separates into a distinct heterogeneous area and for this 
reason has been arbitrarily termed an a- rather than a 8-globulin. Beyond 
this region are two further a-globulin areas, a relatively large one showing 
distinct separation into two components and a smaller following one. This 
latter area, in contrast to analogous a,;-globulins of most other species, lies 
at a considerable distance from the albumin. The faster components, 


Fic. 11. Electrophoretic diagram of mink plasma 


Fic. 12. Electrophoretic diagram of rabbit plasma 


particularly the albumin, possess mobilities which are considerably higher 
than those for the corresponding human components. 

Mink—Blood was obtained from ranch-raised mink at pelting time. 
Fig. 11 indicates that their plasma is characterized chiefly by a disturbance 
in the y-globulin area. This globulin peak is very irregular in shape. The 
remaining constituents, while not too well resolved on the descending side, 
do appear as distinct entities. The area we have designated as fibrinogen 
does not appear as the usual characteristic sharp peak and possibly the dis- 
turbance in the y-globulin may be due to the fibrinogen. No anomaly is 
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present in the 8-globulin area. The albumin possessed a mobility con- 
siderably lower than that of the other mammals studied. 

Rabbii—Adult rabbits of mixed breed were the source of this plasma. 
Distinct separation of major components is indicated by Fig. 12. Our 
electrophoretic values for fibrinogen are approximately twice as large as the 
values obtained by chemical analysis.2, The 6- and a-globulin areas appear 
as relatively irregular zones with no marked anomaly present, although the 
turbidity appeared to migrate with the slowest of the a-globulins. The 
concentration of the a-globulins is relatively low. As a result of the high 
albumin content, an albumin-globulin ratio distinctly above that of man is 
seen. This is compatible with the work of Svensson (6) on rabbit sera, 
although his experiments were carried out under different conditions and do 
not lend themselves readily to direct comparison. 


Fic. 13. Electrophoretic diagram of guinea pig plasma 


Guinea Pig— Plasma was obtained from adult, female, albino guinea pigs. 
Distinct differences from human plasma are seen in Fig. 13. An anomaly 
analogous to that seen in the 6-globulin fraction of human plasma and serum 
appears in the descending component which migrates with the velocity of 
human ae-globulin. This area is unsymmetrical and is approximately 
twice as large as the corresponding a.-globulin peak in human plasma. 
The area corresponding to human a;-globulin appears to consist of two pro- 
teins. In fact, all of the constituents, with the exception of the fibrinogen, 
are relatively heterogeneous. The chemical analyses of Howe (9) and Link? 
and our electrophoretic data for the latter entity of guinea pig plasma are in 
good agreement. An albumin-globulin ratio distinctly lower than that of 
humans is seen. 

Rat—Adult, breeding, albino male rats of the Sprague-Dawley strain 
were the source of plasma. Fig. 14 shows that very poor separation of com- 
ponents was effected on electrophoresis. The descending pattern suggests 
that the usually rather sharp fibrinogen component is moving with a rela- 


? Link, K. P., personal communication. 
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tively broad 8-globulin area. An anomaly is seen at the junction of the 8- 
and a-globulins on this side. It is impossible to determine the fibrinogen 
concentration from our patterns. Since chemical analyses by Kline (16) 
show that approximately 4 per cent of rat plasma protein is fibrinogen, the 
§-globulin area comprises about 15 per cent of these proteins. No separa- 
tion into distinct components of a broad area corresponding to the a-globu- 
jins is evidenced. Li (17) and Moore ef al. (18) found five components 
separating in normal rat sera and, in contrast to our work, found that the 
a-globulin area resolved itself into two distinct components. The albumin- 


Brd+d 


Fic. 15. Electrophoretic diagram of chicken plasma 


globulin ratios given by Moore ef al. at pH 8.5 are considerably higher than 
those found in our work. These variations may be due to differences in the 
age of the animals used. The f component was present in all of the rat 
plasmas studied. 

Chicken——The animals used were adult white Leghorns which had been 
maintained under range conditions. Plasmas from both males and females 
were analyzed. A typical plasma pattern of a female is shown in Fig. 15. 
Aslight difference between male and female plasmas was apparent. Slight 
differences in percentages and distinct differences in the mobilities of the 
Plasma components of males and females are shown in Table I. The 
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marked anomaly appeared to be more closely associated with the y-globulin 
in the case of the female and with the §-globulin in the case of the male. 
The relation of fibrinogen to these anomalies is speculative, since it did not 
separate as a distinct entity in any experiment, although it lies in the regions 
of the anomaly and might well be responsible for it. In the male, the a;- 
globulin appears as a more distinct entity than in the case of the female, 
Failure of separation of components in the y-globulin-fibrinogen region 
makes difficult the analysis of these patterns. 

Other electrophoretic work on chicken plasma has been reported and the 
disturbance of the kind noted above has been described. Sanders et al. 
(19) state that a pronounced y-globulin disturbance is present in the pat- 
terns of all normal chicken sera and plasma, although their photograph of 
normal plasma shows the disturbance to be definitely located in the 8- 
globulin area. They obtained good separation of fibrinogen in their work 
in contrast to our findings. The anomaly present in serum of chickens 


Fic. 16. Electrophoretic diagram of turkey plasma 


afflicted with leucosis and referred to as the L component by Sanders et al. 
(19) appears to be similar to the disturbance present in our plasmas. Such 
an anomaly may represent the chicken’s normal response to foreign antigen 
and may have resulted in our case from the usual infections met with in 
chickens under range conditions. 

Turkey—The animals used were bronze turkeys, approximately three- 
quarters grown. As is seen in Fig. 16, the electrophoretic diagrams are 
similar to those of other fowls studied in that there is a failure of y-globulin, 
fibrinogen, and 6-globulin to resolve on the descending side. An anomaly 
in this region appears in the area usually occupied by fibrinogen. The 
ascending side, however, shows evidence of separation of these components. 
The presence of two a-globulins is demonstrated. The peak of the a; com- 
ponent was not symmetrical and was poorly separated from the albumin. 
A small amount of material moving faster than albumin was also present. 
This is characteristic of the electrophoretic patterns of the other fowls 
studied. 
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Pheasant—The animals were ring-necked pheasants that had been raised 
in pens. From Fig. 17 it is seen that their plasma diagrams possess charac- 
teristics that resemble in general the patterns for the other fowls studied. 
Separation of fibrinogen and 8-globulin occurs only on the ascending side. 
An electrophoretic analysis of serum showed a decrease of 9 per cent in the 
peak of the 8-globulin-fibrinogen complex on the descending side and the 
absence of a separate fibrinogen peak on the ascending limb. A distinct 
anomaly appears at the point where y-globulin and fibrinogen separate in 


Fig. 18. Electrophoretic diagram of pigeon plasma 


human plasma. There are evidences of three a-globulins; the portion 
analogous to human a;-globulin is relatively large in amount, while the 
@; analogues are present in smaller quantities. There is a very small com- 
ponent migrating on the fast shoulder of the albumin peak. Avs is usually 
the case, this component appears as a more distinct entity on the ascending 
side. 

Pigeon—Adult white king pigeons were used in this work. There was a 
failure of fibrinogen and y-globulin to separate on the descending side. 
Furthermore a marked anomaly appeared in this area, a characteristic al- 
ready noted in the diagrams for fowl plasma. A typical electrophoretic 
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pattern is shown in Fig. 18. Two poorly resolved a-globulins are indicated. 
A high albumin-globulin ratio and a comparatively large amount of a 
ccmponent moving on the fast shoulder of the albumin peak are characteris- 
tics of the plasma of this animal. 

Duck—The plasmas of three adult ducks were studied. One animal was 
a muscovy duck; the remaining two were first generation progeny of a 
muscovy-mallard cross. Fig. 19 shows that their plasmas are characterized 
by the very marked anomaly which is seen in the electrophoretic patterns 
for all of the birds studied. As indicated previously, the protein responsible 
for this anomaly, or associated with it, is not known. The assignment of 
designations to the components in Fig. 19 is necessarily arbitrary. It is 
likely that the fibrinogen is represented by the large peak following this 
anomaly which has been designated the fibrinogen-8-globulin area. A 
sample of duck plasma which had partially clotted showed a decrease in the 


Fic. 19. Electrophoretic diagram of duck ))lasma 


higher peak of this area. The turbidity of the plasma migrated on the fast 
side of these proteins at the junction of the @ + 8 and a:areas. The associ- 
ation of the 8-globulin and lipid of serum and plasma is characteristic (20), 
although it is not known whether it is responsible for the 8 anomaly of hu- 
man plasma. Interesting enough is the presence of an anomaly and the 
evidence for the lipid being carried by another component of the fowl 
plasma. A large amount of a:-globulin which separates rather poorly 
from the albumin further characterizes duck plasma. A small amount of 
a component migrating with a greater velocity than albumin is also present. 
The components, particularly the y-globulin, have unusually high mobilities. 

Carp—It was found to be extremely difficult to obtain suitable samples of 
carp plasma or serum because of hemolysis. Consequently, only one deter- 
mination was made on this animal (Cyprinus carpio). As shown in Fig. 
20, the electrophoretic pattern of this animal’s plasma shows extreme differ- 
ence from that of man or of the other species studied. A small area corre- 
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sponding to the y-globulin is followed by an irregular portion which in the 
plasma pattern of humans represents fibrinogen. Two areas which we have 
designated as 8- and a-globulin follow. The turbidity in this plasma moves 
with the peak designated a-globulin. The very large albumin area shows 
the beginning of a resolution into two peaks. Strangely enough this separa- 
tion is better on the descending than on the ascending side. It is possible 
that the slower moving portion may be analogous to a;-globulin of humans, 
although the mobility of this whole area is analogous to human a,-globulin 
rather than to the albumin. A considerable amount of material moving 
faster than albumin is also present. The relatively high albumin-globulin 
ratio agrees with the chemical data of Field et al. (21), if allowance is made 
for the fact that ratios determined electrophoretically at pH 8.6 have been 
shown to approximate two-thirds of the ratios obtained by salt fractiona- 
tion (4). Field ef al. (21) report a plasma fibrinogen level of 5.5 per cent. 


Fic. 20. Electrophoretic diagram of carp plasma 


Our fibrinogen area is somewhat larger, but the a of the pattern 
suggests that several proteins are present here. 


DISCUSSION 


From the electrophoretic analysis of the various plasmas it is obvious that 
a great deal of variation in the distribution of the blood proteins occurs 
among different species of animals. This variation appears as differences 
in mobilities, in the number and relative proportions of components, and 
in the failure of some plasmas to show good resolution of components. 

In many of the plasmas studied it is impossible to ascertain the amount 
of particular globulins present, owing primarily to the fact that they are not 
sufficiently separated. In other words, differences in their mobility in an 
electrical field are too small for good resolution. This was often true in the 
case of fibrinogen, in which evidences of this protein’s presence were some- 
times seen in the form of a sharp peak superimposed on a mass of other 


protein. In some species fibrinogen peaks separated well but their percent- 
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age of the total protein was considerably higher than that expected from 
the chemical analysis reported for the same species. This indicates the 
presence of a protein or proteins migrating with fibrinogen, and hence 
fibrinogen values reported in this work should be necessarily looked upon as 
collective values for proteins possessing the mobility of fibrinogen. It 
would be desirable to examine serum as well as plasma in individual species 
in order to make a more exact study of these relationships. 

All of the fowl plasmas studied were characterized by diagrams with a 
serious disturbance of the kind described as the 8-globulin anomaly of hu- 
mans. This anomaly, however, was present in the fraction corresponding 
to either human y-globulin or a protein of slightly higher mobility. Since 
the turbidity moved with faster migrating proteins, they did not appear to 
be responsible for the anomaly. In chickens the anomaly appeared to vary 
slightly, being more intimately associated with the y-globulin in the plasma 
of females, while in males it was associated with a somewhat faster migrat- 
ing protein. The anomaly does not appear to be due to fibrinogen, since a 
pheasant serum retained the anomaly typical of plasma and the same was 
noted for a sample of duck plasma that had partially clotted. The nature 
and association of this disturbance are at present unknown, although it 
tends to make difficult the analysis for the amounts of the proteins having 
mobilities in this area. 

A good deal of variation in the number of components was noted from 


animal to animal. Most of this variation was usually experienced in the 


region of electrophoretic mobility which is usually ascribed to the a-globu- 
lins. These a-globulins, or at least components resembling them in mo- 
bility, often were concerned with the lipid present in the plasma, as is 
indicated by the movement of turbidity with these proteins. However, in 
many animals the turbidity which is very probably associated with lipid 
appears to be carried by several plasma protein components. In the case of 
the fowl plasmas studied this turbidity migrated on the fast side of the 
¢ + 8 complex and seemed to be associated predominantly with the a; 
globulin. The marked anomaly observed in the ¢ + 8 complex of the fowl 
plasmas did not appear to be associated with the turbidity. In humans the 
turbidity is associated with the 8 anomaly as well as with the a»-globulins. 

As is seen from Fig. 1, the association of plasma turbidity in the case of 
some species was entirely with the a-globulins. In general, the slower 
a-globulin component of the plasma appeared to carry a good deal of the 
lipid, although in some cases the 6-globulin was entirely responsible. The 
designation of the lipid-carrying a-globulins as such is arbitrary and they 
might equally well be considered as 8-globulins of high mobility. 

Much variation in the mobility of plasma components rather easily 
recognized, such as y-globulin and albumin, was apparent. This is not 
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surprising, since Landsteiner, Longsworth, and van der Scheer (22) have 
shown that there is also a variation in the electrophoretic mobilities of 
hemoglobin and of egg albumin of different species. Such differences 
appear in the other blood proteins as well, although Tiselius and Kabat (8) 
have reported that the mobilities of the various normal components in sera 
from different animals were much the same. 

Certain of the species studied, particularly the fowl, showed the presence 
of a small amount of protein which migrated with a mobility somewhat 
higher than that of albumin. In certain species, such as the horse (see 
Fig. 3), this component was suggestive of convection in the cell but the 
regularity of its appearance even when the voltage was reduced below that 
normally used did not favor such a possibility. As was to be expected, 
these proteins were seen as more distinct entities on the ascending than the 
descending side of the diagram. In addition, the presence of very small 
amounts of protein migrating with high velocity, 2 to 3 times as great as 
that of albumin, was often noted early in the experiment. These latter 
fast components did not seem to occur constantly in a given species, but 
appeared in various plasmas in a random fashion. Their relation to the 
plasma proteins is not known. 

Differences in albumin-globulin ratios were likewise noted among the 
different species. The work of Dole and Braun (4) indicated that albu- 
min-globulin ratios of humans determined electrophoretically at pH 8.6 
usually approximated two-thirds of the ratios determined by salt fractiona- 
tion methods. Our work is in agreement, since our albumin-globulin 
ratios are correspondingly less than values which have been obtained by 
other workers using the salt fractionation methods (23). The work of 
Zeldis and Alling (13) on dogs shows that the albumin-globulin ratio 
determined electrophoretically is approximately four-tenths of the ratio as 
determined chemically. This difference from the human points to the 
likelihood of variation of such ratios from species to species. 

The work presented here for individual species is based on a relatively 
small number of animals. It has sufficed, however, to show the approxi- 
mate electrophoretic patterns characteristic of the species examined and to 
point out the manifold differences which may be encountered. 
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SUMMARY 


The electrophoretic patterns of plasma from twenty species of animals 
obtained under identical conditions reveal distinct species variations in 
mobility, amount, and number of protein components. In a given species, 
however, the analytical data are relatively constant in regard to the above 
criteria. 
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SPECIES DIFFERENCES IN SERUM PROTEIN PATTERNS 


By DAN H. MOORE 


(From the Electrophoresis Laboratory, College of Physicians and Surgeons, 
Columbia University, New York) 


(Received for publication, August 3, 1945) 


Electrophoretic patterns of the serum of several normal animal species 
have been published (1-19). These patterns, however, have not lent them- 
selves to a direct comparison with each other and it has been generally 
assumed that the sera of various species do not differ greatly, except that 
most sera of normal rabbits (13) and rats (16) do not contain the usual 
a-globulin. Bourdillon and Lennette (4) have obtained patterns on mouse 
wera in phosphate buffer at pH 7.5 which indicated the presence of two com- 
ponents in the a-globulin region and small amounts of 8- and y-globulins. 
Pillemer ef al. (20) analyzed guinea pig serum but published no patterns. 

During the past 5 vears the sera from a variety of animal species have 
been studied in this laboratory and it has been observed that there are ap- 
preciable and characteristic specific differences in the electrophoretic 
patterns obtained under comparable conditions. The characteristic pat- 
terns of each species are highly reproducible and the differences in respect 
to both quantity and presence or absence of components is significant. 


M et hod 


The blood samples were taken in every case from living animals. The 
smaller animals were bled from the heart, usually under ether anesthesia. 
Venous blood from man and the larger animals was used. The clear serum 
was collected from the clotted and centrifuged blood and examined electro- 
phoretically after dilution with and dialysis in the cold against the various 
buffers. Most of the analyses were made either in a 0.02 m sodium phos- 
phate buffer containing 0.15 mM NaCl at pH 7.4 or a barbiturate buffer con- 
taining 0.1 N sodium diethy] barbiturate and 0.02 n diethylbarbituric acid 
at pH 8.6, as described by Longsworth (15). A few analyses were made in 
the phosphate-NaC buffer at different pH values and in a barbiturate-LiC] 
buffer at pH 7.8 (3). 

The type of pattern obtained depends appreciably on the buffer used and 
patterns cannot be compared unless the conditions of the experiments are 
similar. The y-globulin does not separate from the salt or « boundary (21) 
in either the phosphate buffer or the barbiturate-LiCl buffer at pH 7.8. 
Consequently the percentage composition of this slowest moving component 
is erroneously large by an amount dependent on the serum dilution (22). 
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In the barbiturate buffer at pH 8.6 the y-globulin separates from the salt 
boundary so that it is possible to determine its magnitude more accurately, 
but in this buffer the 8- and y-globulins do not separate as sharply and the 
components are sometimes not as well defined as in phosphate at pH 7.4. 


Results 


A summary of the electrophoretic partitions of normal sera is presented 
in Table I and typical patterns obtained in phosphate-NaCl buffer at pH 
7.4 and barbiturate buffer at pH 8.6 for each species are shown in Figs. 1 
and 2 respectively. AJl data were taken from the descending patterns 
except for 8-globulin in man and monkey, in which the § spike interfered 
with measurements. In these cases the ascending pattern for 8-globulin 
was used. Whenever twelve or more patterns on the same species were 
obtained under similar conditions, mean values with standard deviations 
are included in Table I. The number of tlood samples examined is given 
in the second column. Each sample was from a different animal except 
when the same sample was examined in two buffers. Since in many species 
it has not yet been determined which components are albumins and which 
are globulins, etc., the components have been designated in Table I by 
numbers from 1 to 6 in order of decreasing mobilities. 

PatterAs in Phosphate-NaCl Buffer at pH 7.4—Of the species studied in 
phosphate buffer at pH 7.4, sera from man, rhesus monkey (Macaca mul- 
aita), and swine were found to be the most similar, each having one albumin 
and three globulin components (1), although the average ratio of albumin 
to globulin was considerably higher in human sera. The proportion of the 
components in the monkey serum was quite variable and it is possible that 
the serum from monkeys in their natural habitat would have a higher 
albumin-globulin ratio, since monkeys may not remain in prime condition 
after they are subjected to laboratory living conditions. 

The swine serum from which the data of Line 12 (Table I) were calcu- 
lated was obtained from a New York city slaughter-house, whereas the sera 
furnishing the data of Lines 13, 14, and 15 were obtained from 9 month-old 
swine raised privately in Dutchess County, New York. There was an 
agreement between the percentages of y-globulin of the latter, whereas the 
former serum had a distinctly higher y-globulin and the lowest albumin of 
all. 

The dogs used were mostly:medium sized mongrels. Their sera had an 
average albumin-globulin ratio of unity and a large 8-globulin which usually 
separated into two components. 

As has already been pointed out, rabbit (cross-breeds of Belgian hare, 
chinchilla, and New Zealand) and rat (Long-Evans strain) sera do not usu- 
ally contain a-globulin. The ratio of albumin to globulin of these two 
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species was the highest of any studied and the y-globulin in many rats was 
In the sera from a series of young rats, 21 to 29 


found to be extremely low. 


days old, it was found that the young rat sera, contrary to that of the adult, 
contained a definite a-globulin and a hardly measurable amount of y-globu- 
lin. The patterns for the young rats contained a spike at the position of the 


TaBLe I 
Electrophoretic Fractionation of Serum Proteins of Various Animal Species 
3 : | Composition, per cent Mobilities{ 
3 Component No. Component No. 
2 
3 
2 Man 
1 | 7.4PJ0.2| 1:4! | | 4.7 3.2| 2.3 0.5 
1) 7.4 (0.2) 1:4) 66 15 5.4 2.7 0.9 
25 | 7.8 B.10.05) 1:4, 67 7| 13 13} 6.6 3.3 0.4 
+11) (41/42) (4+2/40.4 +0.340.3 +0.3 
15 | 8.6 “10.1 1:3! 5| 7/13 12} 5.1) 4.1] 2.8 1.0 
£3/1/+1/+2) +0.3 
7 Monkey 
1 | 7.6P.0.2/ 1:4) 61 3 5.5 4.0} 3. 1.5 
1 | 7.6 10.2) 1:4) 47 1 5.8 4.0| 3. 1.5 
10; 7.6 1:4) 48 1 26| 5. 3.6) 2. 1.4 
11 Swine 
12) 1! 7.4P/0.2) 1:4 16} | 25) 4.9 3.4, 2.8 1.4 
13) 1 | 7.410.2/ 1:4 21| 14 19, 4.3 3.0| 2.2 0.6 
1! 1:4 53 20) 11 16) 4.5 3.1) 2.4 0.9 
1 7.40.2) 1:4 49 17 16 4.9 3.4) 2.4 1.2 
16, 1 | 8.6B.10.1| 1:2) 4) 13; 8| 12) 4.9} 4.4) 3.1] 2.4) 2.0) 1.5 
10 | 3.9) 
17 Dog 
18) 17 | 7.4PJo.2/ 1:4) 50 | 10) 5.5 3.8 2.61 2.0! 0.7 
| | | 47/43/40. 
19 Rabbit 


— ° 


| 

| 

| 

20; 1 | 7.5 P.O.2| 1:4) 75) | | 13) 12 5.2) | | 3.0 0.8 
21) 8.2“ 1:4) 70) | 612) | 12) 6.0) | 1.8 3.3) 1.0 
2 12 | 7.8“ 64 | 21) 5.1 | 4.2 3.0 0.9 | 
| | | | +7 £3) +0.1 | 
23; 1 | 8.6 B.0.1 1:3) 65) 7) 7) 11) | 10) 6.7) 5.1) 4.2 3.2 1.3 
24 | 8.6 “10.1 | 1:3) 63 8) 13 6.0) 5.5 5.0) 3.1] | 1.2 
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TABLE 


| | Composition, per cent Mobilities: 
$ | Component No. ded Component No. 
59 Chicken, hen 
1 | 7.4PJo.2/ 1:4 38! | 16 31] 6.2] 5.3, | 3.3; 2.0 1.3 
6} 1 | 7.4% 10.2/ 1:4) 4) 26 40, 30) 5.4, 4.7, | | 1.3) 1.0 
62, 1 | 7.40.2) 1:4) 3 27 7) 13 27, 22) 5.8) 4.9 4.2 3.3, 2.0) 1.3 
63) 7.40.2 1:4) 5/25 4) 8 43/15 6.8) 5.4) 4.5, 3.3) 2.3) 1.3 
7.40.2) 1:4 6 36 8 6 27, 17, 6.0 5.0 4.0 2.8 1.6) 1.0 
6.50.2] 1:4) 7 20) 37 4.1) 3.5) 2.7) 1.4) 0.8 
66 Chicken, coe 
1 | 7.4 P.0.2 | 1:3) 47, 13 a4) as 4.4, 3.2, 2.3, | 1.4 
1 | 7.4% (0.2 | 1:3) 45) 17) 10) | 10, 5.1) 4.2) 3.3 2.2) | 1.5 
1 | 7.4(0.2| 1:3) 39/16 9} 19 | 17) 5.1) 4.1) 3.2) 24) | 1.7 
70 Pigeon 
71 7.4 | 1:3) 57 19) 16, 8) 4.1 2.2, 1.6, 0.3 
8.6 B.|0.1 "3 58) 10 5 18) 9 5.8) 4.4) 2.8 1.7 
73 Fish, 
mu) 1 | 74 4 Plo. 2 | 1:3 as) | 231 4.2 3.4 2.5 0.9 
| 8.6B.0.1 1:3) 47 2 20) 6.0 2.9 1.7 


Line 5, Sone, ‘dhe from ities @). Line 6, data taken from reference (19). 
Line 22, data taken from reference (13). Lines 28 to 31, data on pooled sera of baby 
rats aged 21, 29,21, 25 days, respectively. Line 33, data on three pooled sera. Lines 
34, 35, 36, data on two pooled sera. Lines 56, 57, 58, data on sera of 4 day-old kitten. 

* P., sodium phosphate-NaCl buffer; B., barbiturate buffer. 

t Volume of serum to volume of diluted serum. 

t Mobilities, derived from descending patterns, are expressed as sq. cm. per second 
per volt 10°. 


a-globulin somewhat similar to the 8 anomaly observed in the patterns of 
human sera (3), and similar to the one occurring at the a-globulin position 
in thyroidectomized rats (17). It has been suggested! that, since the cho- 
lesterol content of serum increases with thyroidectomy, this a spike might 
be due to a cholesterol-protein complex; but it has since been found that the 
cholesterol in both normal and thyroidectomized rat serum migrates with 


1 By Dr. Warren Sperry of the Psychiatric Institute, New York. 
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the albumin fraction.2, In human serum, however, the cholesterol is asso- 
ciated with the globulin fraction.’ 

Of all the sera studied, the patterns for the laboratory rat (Long-Evans 
strain) and the cotton-rat probably differed most widely. The cotton-rat, 


Fic. 1. Typical electrophoresis patterns of normal serum. A, man; B, monkey; 
C, swine; D, dog; E, rat; F, 21 day-old rat; G, cotton-rat; H, guinea pig; /, hamster; 
J, cat; K, 4 day-old kitten; L, chicken, hen; M, cockerel; N, female pigeon; 0, carp. 
Buffer, 0.02 ? Mm sodium phosphate and 0.15 w NaCl; pH 7.4. 


instead of having little or no a-globulin, had a component in this region 
which constitutes one-fourth to one-third of the total pattern area. 
The guinea pig and hamster sera (Syrian, golden) are characterized by 


? Smelser, G. K., Sperry, W., and Moore, D. H., unpublished data. 
* Sperry, W., personal communication. 
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two components in the a-globulin region but the sera of the two species 
differed in that the 8- and y-globulins were almost missing in the guinea pig, 


whereas they were somewhat larger in the hamster, and Component 2 in the 
hamster serum was always much sharper than in the guinea pig. In order 


Fic. 2. Typical electrophoresis patterns of normal serum. A, man; B, swine; C, 
rabbit; D, rat; E, 21 day-old rat; F, cotton-rat; G, guinea pig; H, hamster; J, cat; 
J, 4 day- old kitten; K, carp. Buffer, 0.1 1 Nn sodium diethyl barbiturate and | 042 N 


diethylbarbituric acid; pH 8.6. 


to see whether Components | and 2 of hamster serum failed to be resolved 
at pH values nearer their isoelectric points, a sample was examined in the 
phosphate-NaC! buffer at pH 6.6 (Line 45, Table I). No change in the 
general character of the pattern was observed. 
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Cat sera also had an indication of two a-globulins and an unusually large 
y-globulin. The main component (albumin) of cat serum had the highest 
mobility of any sera studied. The serum of the 4 day-old kitten contained 
only traces of the two more slowly moving components, with Components 2 
and 3 proportionally larger than in the adult cat (cf. Fig. 1, J and A). 

It was found that there was a significant difference between the serum 
patterns of the male and female chicken, which was not found in any other 
species examined. Hen sera were obtained from fowls raised in the labora- 
tory and also on a small and on a large chicken farm. Although there were 
slight variations in the serum patterns, all had the same general character. 
The patterns were characterized by two very large slow moving components 
and two faster moving components; of these last, the smaller was the faster, 
Both pairs of components were poorly resolved. A protein partition by 
the Howe method (23, 24) was made on the sample shown in Fig. 1, / (Line 
63, Table I). The quantities of albumin, pseudoglobulin, and euglobulin 
found were 1.7, 1.2, and 3.3 gm. per cent, respectively. Cockerel sera also 
had two faster moving components, the larger always being the faster. The 
patterns of both hen and cockerel sera contained spikes, indicating steep 
refractive gradients in the region of the slower moving components. One 
hen known to be ovulating (Line 63, Table 1) was found to have a larger 
Component 5 than had non-ovulating hens. 

The single sample of female pigeon serum examined was found to be very 
different from chicken serum. 

Carp serum contained four components with comparatively large a- and 
y-globulins. 

Patterns in Barbiturate Buffer at pH 8.6 —\n order to investigate the possi- 
bility of the appearance of new components and to obtain a more accurate 
measurement of the y-globulin, several samples of serum from various 
species were examined in the barbiturate buffer at pH 8.6. It was observed 
by Longsworth (15) that human serum exhibited an extra component 
designated a;-globulin, which in other buffers with pH values less than 8.0 
migrated with the albumin. Also in human serum the mobility of the 
y-globulin was sufficiently increased to separate this component from the 
boundary caused by the buffer salts. It is of interest to note, however, 
that according to Lines 5 and 6 of Table I there is little difference in the 
quantity of each component measured in the two buffers except that Com- 
ponent 2 is separated from Component 1 in the buffer of higher pH and 
ionic strength. As is seen in Fig. 2, B, the sample of swine serum examined 
contained not only two a-globulins but two or more 8-globulins and an addi- 
tional small component with mobility between that of albumin and a- 
globulin. The two patterns (Figs. 1, C and 2, B; Lines 14 and 16, Table I) 
were obtained on the same sample of serum and illustrate the dependence 
of the electrophoretic pattern on the buffer. 
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Rabbit sera (lig. 2, C) exhibited a Component 3 in this buffer with an 
indication of a Component 2, whereas in the phosphate buffer there was 
usually none. Rat sera (Fig. 2, D), however, had a large Component 2 
with but an indication of Component 3. The 8- and y-globulins of rat 
serum, like those in swine serum, were not well resolved in this buffer. 

Little difference from the patterns found in phosphate buffer was demon- 
strated in the serum of cotton-rats by the use of the barbiturate buffer of 
higher pH. 

In guinea pig serum the ratio of the magnitude of Components 2 and 3 
was consistently reversed by the use of the barbiturate buffer (cf. Figs. 
1, H and 2, G). 

Hamster serum (Fig. 2, 1) exhibited well defined Components 2 and 4 
in this buffer and the differences between hamster and guinea pig sera were 
more striking here than in the phosphate buffer. 

The analyses of cat serum apparently can be made more satisfactorily in 
the phosphate buffer than in the barbiturate buffer. In the latter buffer 
the components were not resolved as well and no new ones appeared. In 
serum from a 4 day-old kitten the y-globulin was found to be extremely 
low (Fig. 2, ./). 

The carp serum in barbiturate buffer (Fig. 2, A) resembled cockerel serum 
in the phosphate-NaCl buffer (Fig. 1, 


DISCUSSION 


From the foregoing data it is evident that many species under the condi- 
tions here studied present serum protein patterns which are so characteristic 
that it is possible to name the species and in some cases even the strain (rat) 
and sex (chicken) from a glance at the pattern.‘ 

It is of interest to note the variation of y-globulin with species and with 
age. From what is known of the quantity of antibodies in normal and 
immune animals, it is evident that the total quantity of y-globulin cannot 
be used as a criterion of immunity. Indeed a considerable amount of evi- 
dence has accumulated to indicate that the quantity of y-globulin is 
frequently altered (usually increased) under a variety of pathological 
conditions. For example, the amount of y-globulin has been shown to 
increase consistently after hypophysectomy or thyroidectomy in rats (16, 

* Many of the serum samples were taken from animals living on similar diets under 
similar conditions, and it is possible that sera from the same species living under 
different conditions might present a pattern different from the one here considered 
typical. It is also possible that the low albumin and high globulin of such animals as 
monkeys and cats may result from the animal being poorly adapted to laboratory cage 
life, whereas the rat, rabbit, and guinea pig may be well adapted. There is also evi- 
dence from the data on rats and cats, of which the young were studied, and from data 
on developing chick and pig embryos (18) that there are major changes in the serum 
patterns with age and development. 
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17) and also after hypophysectomy in monkeys.® Furthermore, it has been 
found that so called normal rats of the Sherman strain in this institution 


‘have from 3 to 5 times as much y-globulin as do the rats of the Long-Evans 


strain.® The Sherman rats are known to be less hardy, slower growing, and 
significantly more susceptible to infection than the rats with the low 
globulin. Whether these differences are manifestations of strain character- 
istics or simply a result of dissimilar diet and care has not yet been de- 
termined. 

Gutman et al. (25) have shown that in the sera of human subjects the 
quantity of albumin is consistently higher and the globulins consistently 
lower in the healthy state than that found in most pathological conditions, 
With but few exceptions this rise in globulin with disease is due at least in 
part to the y-globulin fraction, as shown by Luetscher (5), Gray and Barron 
(26), Hanger ef al. (27,28), and others. This occurs in liver disease as well 
as in many chronic infections and in many disturbances in the reticulo- 
endothelial system, such as Hodgkin’s disease and myeloma. Antibodies 
in sera usually migrate with a mobility near that of y-globulin, as has been 
shown by Tiselius and Kabat (2), Wyckoff et al. (6, 7), Cohn et al. (29), and 
others, but no electrophoretic differences can be detected between physio- 
logically occurring y-globulin and that containing immune bodies. 

Many publications concerning the changes in human serum protein pat- 
terns have appeared (3, 5, 25-28, 30-33). In general, the electrophoretic 
method has not as yet proved more advantageous than the Howe fractiona- 
tion method (23-25) in demonstrating serum protein changes occurring 
with any specific disease or clinical symptom; therefore great care must be 
taken in drawing conclusions from a small number of cases. As an example, 
multiple myeloma may produce in the serum patterns an abnormally high 
8-globulin or y-globulin, new components (25, 32), or no deviation from the 
normal (31), the latter finding being the most common. Also in a recent 
patient similar drastic changes in the serum pattern were observed, even to 
the appearance of a major component between the 8- and y-globulin,’ but 
at autopsy no myelomatoid tissue was demonstrated. Similar inconsisten- 
cies occur in other diseases. Patients with rheumatic fever (31), catarrhal 
jaundice (26), lymphatic leucemia,* Hodgkin’s disease ,*® essential hyperten- 
sion’ may have sera with reduced albumin and elevation in all, any one, or 
none of the globulins, or no deviation from the normal at all. There seems 
to be as yet no definite relation of the serum protein pattern to any of these 


>’ Smith, P. E., and Moore, D. H., unpublished data. 

* The two strains of rats are under different care and on a different diet. 
7 Perera, G. A., and Moore, D. H., unpublished data. 

* Kabat, E. A., personal communication of unpublished data. 

* Bruger, M., and Moore, D. H., unpublished data. 
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diseases. ‘The factor of the individual response to a stimulus seems to be 
of prime importance. 

It may not be possible to determine the meaning of the variations of the 
various serum protein components with species and with various physiologi- 
cal or pathological states until the mechanism of serum protein production 
is revealed and the many factors involved in individual response to a stimu- 
lus are better understood. Until more is known, it is apparent that 
diagnosis of disease on the basis of electrophoretic patterns is fraught with 
many uncertainties. 


It is a pleasure to acknowledge the technical assistance of Melba Costello, 
Louisa Robb, Helen Sikorski, and Patricia Fitzgerald. 


SUMMARY 


Sera from each of a large number of animal species have been found to 
possess a characteristic and reproducible electrophoretic pattern. When 
examined under comparable conditions, the number and relative quantity 
of components varied significantly with the species. The sera of rats and 
guinea pigs contained little y-globulin and that of baby rats and kittens con- 
tained the least y-globulin of all. The variation of the serum protein 
components with physiological and pathological states is discussed. 
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EXPERIMENTALLY INDUCED CHANGES IN THE 
PROTHROMBIN LEVEL OF THE BLOOD 


I. QUANTITATIVE STUDIES IN DOGS GIVEN DICUMAROL 
Il. THE EFFECT OF METHYLXANTHINES ON PROTHROMBIN PER SE 
AND WHEN ADMINISTERED WITH DICUMAROL* 


By ARMAND J. QUICK 


(From the Department of Biochemistry, Marquette University School of Medicine, 
Milwaukee) 


(Received for publication, July 30, 1945) 


I. Quantitative Studies in Dogs Given Dicumarol 


The great advances that have been made in recent vears in the study 
of the coagulation reaction of the blood have come about largely from 
work done on prothrombin. In order that this progress continue, greater 
insistence on accuracy in the determination of prothrombin must be made 
and a more comprehensive view of the nature of prothrombin should be 
adopted. According to the evidence of the writer (1) prothrombin is a 
complex consisting of calcium and two components. Dicumarol, a drug 
which depresses prothrombin activity, does so by causing a reduction of 
one of these essential components, which has been designated as Cgm- 
ponent B. On the basis of this concept, it is possible to study more criti- 
eally prothrombin activity following the administration of dicumarol. As 
a preliminary step certain basic factors such as the choice of animals, a 
correlation of the prothrombin level and the coagulability of the blood, 
and the effect of dosage were studied, and these results are presented in 
Part I of this paper. 

Selection of Animals—The rabbit and the dog are the most suitable of 
the common laboratory animals for studying the effect of dicumarol. 
Both respond readily either to the oral or to the intravenous administration 
of the drug, as Link and his associates (2) have shown, blood is easily 
obtainable routinely by venipuncture, and rabbit brain thromboplastin is a 
specific activator of the prothrombin in both species. The chief disad- 
vantage is that the prothrombin level of rabbit and dog blood is approxi- 
mately 5 times that of human blood (3) and that, if this divergency is not 
fully considered when interpreting the results obtained in these animals 
in terms of human clinical problems, much confusion can result. 

Limited studies suggest that the cat is even more susceptible to dicu- 


* Aided by « grant from the Committee on Scientific Research, American Medical 
Association. 
The dicumarol used in this study was kindly furnished by Eli Lilly and Company. 
33 


i 
3 
1 
4 
a 
& 
x 
¥ 
3 
2 
‘ 
a. 
+ 
4 
if 
"4 
i 
“aa 


§ 

1 


“2 


34 PROTHROMBIN LEVEL OF BLOOD 


marol than the dog. The animal is unsuitable, however, because of the 
relative difficulty of getting blood. Heart puncture, it should be men- 
tioned, invariably leads to fatal hemopericardium as soon as the prothrombin 
time is increased above 30 seconds, and therefore is not a safe procedure, 
In one experiment, the prothrombin time was increased from the normal of 
8 to 38 seconds in 48 hours by two successive daily oral doses of 5 mg. per 
kilo of body weight. 

There are certain disadvantages in the use of the guinea pig and the rat 
for quantitative changes in the prothrombin level. It is relatively difficult 
to obtain blood except by heart puncture. The daily removal of 1 ce. of 
blood, the amount required for analytical checks, from a small animal 
may introduce a secondary factor; namely, the effect of excessive loss of 
blood. Rabbit brain thromboplastin is not a specific activator of guinea 
pig and rat prothrombin. Reliable results in these animals can be ex- 
pected only if autogenous thromboplastin is employed. 

The chicken appears to be particularly resistant to dicumarol. After 
feeding roosters 10 mg. per kilo of body weight daily for 6 days, no sig- 
nificant lowering of the prothrombin level occurred. After several daily 
intravenous injections of 10 mg. per kilo the maximum prothrombin time 
obtained was 15 seconds, which returned to the normal of 10 seconds in 
24 hours after the last injection of the drug. 

Correlation of Prothrombin Time with Coagulation Time and Other Ve- 
riables—-In order to determine the quantitative relationship of the pro- 
thrombin time to coagulability of the blood, the Lee-White and the clotting 
time of recalcified plasma were selected (4) as probably the most reliable 
and practical methods. In a few dogs the hematocrit reading and the 
sedimentation rate were noted, but as no significant changes were observed, 
extensive study was not deemed necessary. The hematocrit reading is 
useful primarily for detecting internal hemorrhage early and promptly. 

From the results recorded in Table I, it will be observed that, while no 
exact relationship exists between the prothrombin time and the coagulation 
times of recalcified plasma and of whole blood, there is nevertheless a pro- 
gressive increase in the latter two as the prothrombin of the blood drops. 
One should not expect a close correlation between the clotting time and the 
prothrombin level, since coagulation depends on other factors, particularly 
the release of thromboplastin. Prothrombin exerts its influence only after 
a marked reduction has occurred. The clotting time is little affected until 
the prothrombin time has been increased to about 20 seconds, which is 
equivalent to approximately 5 per cent of the normal level. While itis 
true that the author’s method on undiluted plasma cannot detect changes 
until the prothrombin drops to 50 per cent, there is no good evidence that 
any decrease less than this has much practical significance. In fact even & 
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decrease of SO per cent merely brings the level to that of human blood. 
When the prothrombin drops below 50 per cent the prothrombin time 
becomes sufficiently prolonged to allow accurate timing without resorting 
to dilution of the plasma. It is by far more expedient to master the tech- 


TaBLe 


Correlation of Progressive Fall in Prothrombin Level Due to Dicumarol with Clotting 
Time, Clotting Time of Recalcified Plasma, Hematocrit Reading, and Sedimentation 


Rate 
Dey | | | | | Sediments 
see. min. sec. | mm. 
A | 6 (100) 3.5 65 
1 6 (100) 3.5 55 
6 (100) 4 
D 6 (100) 4 l 
A | 10.5(22) | 3.5 | 
6 (9) | 4 | 140 
19 (6) 4 105 | 
D 23 (4.5); 4 
3 (4.5) | 5 | 
| 404-44. 4 | 
43 | 7.5 | 
55 (1) 5.5 210 | 
75 (>1) 5.5 4 
D (>) 5.5 270 1 
5 | A 47 (1) 8 205 | 
(>1) 8 630 | 


* The weights of Dogs A, B, C, and D were 5.25, 6.5, 11, and 11.5 kilos respectively. 
t The figures in parentheses are the prothrombin concentration in per cent of 


normal. 


nique of the original method than to depend on the dilution of plasma and 
thereby incur the risk of introducing an error resulting from the disturbance 
of the physicochemical relationship of the components of the plasma. 
When the prothrombin is markedly reduced, the coagulation time be- 
comes greatly delayed, as the following experiment illustrates. Dog 15, 
weight 7 kilos, was fed 10 mg. of dieumarol per kilo of body weight for 5 
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days. On the 7th day, the prothrombin time was 19 minutes, the coagula- 
tion time (Lee-White) 20 minutes, the clotting time of recalcified plasma 
30 minutes. 

After a transfusion of 35 cc. of normal dog blood mixed with 5 ec. of 0.1 
mM sodium citrate, the prothrombin time was 21 seconds, the coagulation 
time (Lee-White) 5.75 minutes, the clotting time of recalcified plasma 3 
minutes. 

Obviously when the prothrombin time increased to 19 minutes, the blood 
contained only a trace of prothrombin. On the assumption that the animal 
had a blood volume of 560 cc. (8 per cent of body weight) the addition 
of 35 cc. of normal blood containing 100 per cent prothrombin should, on 
the basis of calculation, have elevated the prothrombin to 5.8 per cent. 
Actually, a prothrombin time of 21 seconds was obtained which is equiva- 
lent approximately to 5 percent. This is a surprisingly good agreement 
and attests to the quantitative reliability of the one-stage method. 

Effect of Dosage—In 1937 the writer (5) observed that when toxic sweet 
clover was fed to rabbits, the prothrombin stayed normal for 24 hours, then 
dropped rather abruptly to about 20 per cent of normal in 48 hours, and 
after that continued to decrease at a slower but rather characteristic rate. 
After Link’s work (6) made the active principle of toxic sweet clover hay, 
dicumarol, available, various investigators studied the quantitative effect 
of the drug on the prothrombin level (7). Link and his associates made the 
most extensive investigations but, instead of using the original one-stage 
method, they modified the procedure and expressed most of their results as 
the prothrombin time of 12.5 per cent plasma (1 part diluted to 8 with 
saline solution (8)). It is difficult to calculate this empirical figure in terms 
of prothrombin concentration and there is furthermore a possibility that 
such a high dilution may sometimes lead to errors. 

Link and his coworkers (2) were the first to study the effect of a single 
dose of dicumarol in various animals. This procedure is particularly useful 
to standardize the action of dicumarol. In the present investigation the 
drug was administered intravenously for the most part, since Link and his 
group (2) have shown that when large doses are fed to dogs, an appreciable 
amount escapes absorption. 

The first task was to find the minimum quantity of dicumarol that caused 
a demonstrable diminution of prothrombin. Link’s group (2) stated thata 
10 mg. dose in an 8 to 10 kilo dog produced a detectable effect. In this 
study it was likewise found that 1 mg. per kilo of body weight produced 
in some dogs a slight decrease in prothrombin even after one dose, and that 
if that dose was continued daily a distinct and progressive drop occurred 
in the majority of the animals, as shown in Table II. This suggests that 
the organism’s capacity to destroy or eliminate the toxic agent is slightly 
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less than 1 mg. per kilo and that therefore if that dose is exceeded an 
accumulative effect results. It will be observed that certain dogs stich as 
Dog B are very resistant, while others are fairly susceptible. Link (8) 
was the first to observe such refractoriness in rabbits. From the present 
results, it can be concluded that one cause for resistance is a highly de- 
veloped detoxication mechanism in the organism. Since the response 
from the oral dose was essentially the same as from the intravenous, it can 
be concluded that small doses are completely absorbed from the intestinal 


tract. 


TaBie Il 
Effect of Administering Dicumarol to Dogs in Dosage of 1 Mg. per Kilo of Body Weight 
Daily 
Prothrombin concentration 
Dog K Dog M Dog P Dog S DogB 
| ovat | | ovat | | | | | Intra. | Ora 
100 100 100 | 100 100 100 100 100 100 100 
(6)f| (6) (6) (6) (6) (6) (6) (6) (6) (6) 
1 100 100 50 100 80 100 | 100 100 
(6) (6) (7) (6) (6) (6.5)| (6) (6) (6) (6) 
2 50 50 20 35 40 40 30 40 80 100 
(7) (7) (11) (8.5); (8) (8) (9) (8) (6.5) (6) 
3 20 50 10 25 15 30 13 30 50 100 
(11) (7) (15) (9.5); (12) (9) (13) (9) | (7) (6) 
4 15 30 9 10 13 20 13 10 40 100 
(12) (9) (16) | (15) (13) | (11) (13) | (15) | (8) (6) 
5 15 15 6 7 7 7.5 9 7 30 100 
(12) | (12) | (19) | (18.5); (18) | (16.5) (16) | (18.5)} (9) (6) 


* The drug was given intravenously as the sodium salt. 
t The figures in parentheses are the prothrombin times in seconds. 


As the single dose is increased, the rate of drop in prothrombin is not 
altered but the period in which the drop occurs as well as the recovery time 
becomes longer (Fig. 1). It can be seen in Table I that certain dogs are 
more resistant, but in these the resistance is not brought about by a more 
rapid destruction of the drug, but is due to a decreased response to the 
dicumarol. ‘The period of recovery, however, is no doubt dependent on 
the speed of detoxication. In the majority of dogs the prothrombin drops 
to about 20 to 25 per cent of normal in 24 hours and to 5 to 10 in 48 hours. 
After this time, even when a dose of 20 mg. per kilo is given, the recovery 
Stage sets in and the prothrombin gradually returns to normal. If, in- 
stead of a single dose, dicumarol is given daily, the prothrombin continues 
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to drop as shown in Table |. In adult dogs the maximum reduction in 
24 hours irrespective of the dose is about 80 per cent and in 48 hours 95 per 
cent. In puppies a greater reduction is often observed. This suggests that 
dicumarol merely stops the production of prothrombin and that the actual 
decrease represents the body’s normal consumption or destruction of this 
clotting agent under ordinary physiological conditions. 


% 
10€ 


90 
80 


70 


omg. 


60 


30 


40 


30 


PROTHROMBIN CONCENTRATION 


20 


DAYS | 2 3 “ ke) 6 7 8 9 


Fic. 1. The effect of increasing single doses of dicumarol onthe prothrombin con- 
centration. The drug was given intravenously. A small percentage of dogs is more 
resistant to dicumarol than the dog employed in this chart. 


II. The Effect of Methylxanthines on Prothrombin per Se and When 
Administered with Dicumarol 


Field, Larsen, Spero, and Link (9) reported that the methylxanthines, 
caffeine, theobromine, theophylline, and preparations containing § these 
compounds induced a state of hyperprothrombinemia when fed to dogs, 
rabbits, and rats, and furthermore counteracted the hypoprothrombinemie 
action of dicumarol. Since these findings are not only of theoretical 
interest but also of clinical importance, this problem was reinvestigated. 

The experimental work was done only on dogs and rabbits for reasons 
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discussed in Part I. The prothrombin was determined by the writer’s 
method on undiluted plasma and also on plasma diluted 1:5 with saline 
(20 per cent) and 1:20 with human plasma (5 per cent) treated with alu- 
minum hydroxide. The latter medium is particularly satisfactory, since 
minute changes in the concentration of Component B can be detected. 
Plasma treated with aluminum hydroxide lacks Component B but still 
contains Component A. It moreover has a normal concentration of fi- 
brinogen, thus maintaining very closely the physicochemical composition 
of undiluted plasma. The 5 per cent plasma normally clots in 18 to 21 
seconds. ‘The variation is due mainly to small differences in the potency 
of the thromboplastin. 

From a study of Tables LIT and IV it can be clearly seen that the three 
methylxanthines did not cause any definite and demonstrable increase in 
the prothrombin level as measured by the original one-stage method on 
either undiluted or diluted plasma. These observations do not agree with 
those of Field, Larsen, Spero, and Link. While the reason for these 
differences is not clear, it is probable that they can be accounted for by the 
modifications which were introduced by Link and his associates (8) in the 
writer's method for the determination of prothrombin. They use a throm- 
boplastin much less active than that recommended and consistently used 
by the author. ‘The normal prothrombin time for undiluted plasma 
as recorded in Fig. | of the paper of Field ef al. (9) is 12 to 13 seconds, 
whereas with the writer’s thromboplastin it is 6 seconds. It should 
further be noted that the normal times for 12.5 per cent of dog plasma 
which they record (9, 11) range from 20 to 35 seconds, which is a variation 
of 75 per cent. In the original one-stage method such fluctuations in 
dog blood are not observed. The clotting time usually is 6 and only 
occasionally 6.5 seconds. On the basis of a 75 per cent variation in range, 
the prothrombin time would be 6 to 10.5 seconds, but actually the latter 
clotting time is obtained only when the prothrombin level has decreased to 
22 per cent of normal. In rabbits the prothrombin time of undiluted plasma 
likewise is 6 seconds, but occasionally it may be increased to 7 or 7.5 
seconds for no explainable reason. It is not due to a lack of vitamin K. 

Since the prothrombin time of normal 12.5 per cent dog plasma has a 
wide range, great caution is necessary in drawing conclusions from results 
such as recorded by Field and his associates. An analysis of their data 
reveals that in only one instance did a methylxanthine reduce the pro- 
thrombin time lower than that of one of their normal controls, which was 
20 seconds (11). Even after giving 400 mg. of theophylline per kilo of 
body weight the prothrombin time of 12.5 per cent plasma only dropped 
from 31 to 22.6 seconds, whereas the normal prothrombin time of three 
of their dogs ranged from 20 to 22.8 seconds. Such results do not appear 
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t Diluted with human plasma treated with aluminum hydroxide according to 


the writer’s method (10). 


ularly unwarranted is their statement “that the methylxanthines not 


only render the blood hypercoagulable.”’ 


There are no experiments re- 


corded in their paper that indicate that the clotting time of blood was 
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striking enough to justify their statement that “it is conceivable that their 8 
i use in man might augment the tendency for thrombus formation.”’ Partie. b 
b 
III a 
a Effect of Caffeine, Theobromine, and Theophylline on Prothrombin Level of Dogs a 
3 Prothrombin time | a b 
Dilution of plasma | 
100 | so* 20° 
sec | sec. sec see. 
11 18 200 mg. caffeine per kilo body weight 
a oad as 7 | 11 20 200 mg. theobromine per kilo body weight 
19 200 mg. theophylline per kilo body weight 
| After 24 hrs. 
mM | 6 7 | 18 | Control 
6 7 | 10.5 | 19.5 | Caffeine 
8 6 7 il 19.5 | Control 
12 19 Control 
i " 6 7 10 19 Theophylline 
After 48 hrs. 
M | 6 7 9.5.| 20. | Control 
6 7 10.5 19 Caffeine 
6 7 12 19 Control 
6 7 11 19 Theobromine 
. 6 7 12 18.5 | Control 
is . 6 7 12.5 | 22 Theophylline 
After 72 hrs. 
mM | 6 | 7 | 12 | 20 | Control 
S 11.5 | 20 Control 
11 19 Theobromine is 
13 21 Control 
3 11 19 Theophylline 
: 4 * Diluted with 0.85 per cent sodium chloride solution. 
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studied. This is still the only recognized means for measuring coagula- 
bility. Hyperprothrombinemia is not synonymous with hypercoagula- 
bility; in fact, the prothrombin can fluctuate within a wide range without 
affecting the clotting time, as shown in Table I. It is not the prothrombin 
level, unless markedly reduced, which determines the clotting time of the 
blood. The most important factor is the speed with which thromboplastin 


TaBie IV 
Effect of Caffeine, Theobromine, and Theophylline on Prothrombin Level of Rabbits 
Rabbit Prothrombin ti 
No. Remarks 
Dilution of plasma 
100 so | st 
sec. sec sec. 
1 6.5 7 10.5 | 20 100 mg. caffeine per kilo body weight 
2 6 7 i) 20 200 “* theobromine per kilo body weight 
3 6.5 7 10.5 | 19 200 theophylline “ 
4 6 7 10 18 Control 
5 6.5 7 11 21 a 
After 24 hrs. 
1 6.5 7 10.5 | 20.5 | Caffeine 
2 6 7 10 20 Theobromine 
3 6 7 11 17.5 | Theophylline 
4 6 7 10.5 | 20.5 | Control 
5 6.5 7 21.5 
After 48 hrs. 
1 | 6.5| 7 | 9.5 | 20 | Caffeine 
7 10.5 18.5 | Theobromine 
7 11 19 Theophylline 
4 6 7 9.5 20 Control 
5 6.5 7 10 20 " 


* Diluted with 0.85 per cent sodium chloride solution. 
t Diluted with human plasma treated with aluminum hydroxide. 


is released that governs the coagulation time according to the most widely 
accepted concept of the clotting mechanism. 

It is not the purpose of this discussion to enter into a polemic, but 
merely to consider the methylxanthines from the point of view of safety 
in therapy. These drugs occupy a place in modern therapeutics and are 
widely used. If there is cause to believe that they tend to induce in- 
travascular clotting, their employment should immediately be limited. 
From the standpoint of recorded clinical observations, there is no clear 
cut evidence that incriminates these drugs, and the experimental data 
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concerning their influence on the prothrombin level cannot be considered 
adequate to regard them dangerous as a causative factor in thrombosis, 


- 


Taste V 
Influence of Methylxanthines in Counteracting Hypoprothrombinemic Action of 


Dicumarol* 
; Prothrombin concentration,t per cent of normal 
| 0 hr. | 24hrs. 48 hrs. | 72 hrs. | 96 hrs. | 120 hrs. 
Fi | 3 | 2 50 100 | Control 
(6) (8.5) (9) (7) (6) 
M100 20 30 200 theobromine per 
6) (9) | (3) | (7 (11) (9)t kilo body weight 
W100 6 | | 100 Control 
©) | @2) | G5) | 6) (6) 
L} 00 | 1 | 122 | © | 100 | 200 mg. theophylline 
| () | (12) | (13.5)} (7) | ©) | per kilo body weight 
F§ 100 2 | 2 | 30 | 80 | 100 200 mg. caffeine per kilo 
| an | @5)) @ | 6) body weight 
M100 22 | #95! 7 | 30 | Control 
| (0.5)! (15.5) (18.5)) (14) @) | 
Wi; 0 | | 40 100 200s theobromine 
| 6) (13) | (24) (24) (8) | (6) per kilo body weight 
L 100 ae 4 7 40 | 100 Control 
| (12) | (25) (igs) | () | ©) | 
F100 | 40 | 100 
| @) | (9.5); | ©) | 
Mi 100 | 8 | 2 | 30 20) mg. theophylline 
(17) | (16.5)) (10) per kilo body weight 
Wi 100 | 4 | «5.5; 30 | 100 | Control 
| | (0) | @ | | 
| so 100 20 mg. theobromine per 
| (9) | @) (6.5) | kilo body weight 
M «100 | + 7.5 | 6 | 1 | @ | Control 
(6) (10) | (17.5) (9) | | ao) 
(6) (9) 9) | | @6) 
M100 20) 30 100 mg. caffeine per 
| @) (11) (17.5) (21) (10.5) (9) kilo body weight 


* Fach dog was given 5 mg. of dicumarol per kilo of body weight intravenously. 

t The figures in parentheses are the prothrombin time in seconds. 

t The prothrombin concentration usually became normal on the 7th day. 

§ The animals were allowed to rest 1 week after the prothrombin level was re- 
stored. 


This does not imply that these drugs are given carte blanche. ‘They are 
exceedingly active and can produce toxic symptoms. Several animals, 
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including two young healthy dogs, were killed by caffeine in this study, 
and theophylline occasionally caused vomiting. 

Effect of Methylxanthines on Hypoprothrombinemia Induced by Dicu- 
marol—In order to test whether caffeine, theobromine, and theophylline 
prevented or counteracted the hypoprothrombinemia caused by dicumarol, 
a series of dogs was standardized by giving them 5 mg. of dicumarol, as the 
sodium salt, per kilo of body weight intravenously. The prothrombin was 
determined daily until the normal level was restored. The methylxan- 
thines were fed immediately before or after the injection of dicumarol. 
The dose was 200 mg. of the free alkaloid per kilo of body weight, except for 
caffeine, which because of its toxicity was given in a dosage of 100 mg. 
during the latter part of the study. 

No evidence whatsoever was found indicating that caffeine, theobro- 
mine, or theophylline counteracted dicumarol. In Table V a typical 
series of experiments is presented. The dogs used were representative of 
the variations observed in the study of this species during the past 3 years. 
Dog F was very resistant to dicumarol, while Dog M on the contrary was 
affected somewhat more than the average dog. Dogs B and L were brother 
and sister. They had the same weight and were very similar except for 
sex. Their response to dicumarol was almost identical. Neither theo- 
bromine nor theophylline had any inhibitory effeet on dicumarol, as 
shown by using one as a control and feeding the other the methylxanthine. 
Unfortunately further study on these dogs was stopped since both were 
killed by caffeine, one by a dose of 300 mg. per kilo of body weight given in 
divided doses in 36 hours and the other by 200 mg. 

All determinations of prothrombin were done by the author’s Glide! 
method on undiluted plasma within an hour after the blood was collected. 
Nearly every result was checked by repeating the estimation on plasma 
diluted with an equal volume of saline solution. Uniformly consistent 
results were obtained with the diluted and undiluted plasma. Occasion- 
ally the accuracy of the determination was further checked by mixing 
known volumes of plasmas containing different concentrations of pro- 
thrombin and then estimating the prothrombin of the mixture as illustrated 
by the following example. 


Plasma | (prothrombin time 3l sec. = 3 ‘, prothrombin) 1.8 ce. 
1+2 


The failure to secure any evidence that the methylxanthines protect 
the dog against the hypoprothrombinemie effect of dicumarol is in complete 
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disagreement with the findings of Field, Larsen, Spero, and Link. It ig 
difficult to account for this since their experimental conditions were essen- 
tially the same as the writer’s, except that they fed the dicumarol instead of 
injecting it intravenously. Since administration by the latter route 
eliminates any uncertainty of absorption it seemed the preferred method, 
but to rule out the possibility that the difference in results was due to the 
mode of administration, a small series was run in which dicumarol wag 
given orally. The results were the same as those recorded for the intra- 
venous experiments. 


SUMMARY 


1. The dog and rabbit are suitable animals for the study of the action of 
dicumarol, as they respond promptly and consistently. The chicken is 
markedly resistant to the drug. 

2. When the prothrombin time becomes prolonged, as the result of 
dicumarol, the coagulation time (Lee-White) and the clotting time of 
recalcified plasma also become progressively delayed. 

3. The minimum dose of dicumarol which has a demonstrable effect 
on the prothrombin level of dogs is approximately 1 mg. per kilo of body 
weight. The maximum reduction of prothrombin is approximately 80 
per cent in 24 hours and 95 per cent in 48 hours. This rate of prothrombin 
decrease cannot be accelerated by increasing the dose of dicumarol. 

4. No evidence was obtained that caffeine, theobromine, and theo- 
phylline, when fed in large doses (100 to 200 mg. per kilo of body weight), 
increased the prothrombin level of the blood in dogs and rabbits. 

5. Caffeine, theobromine, and theophylline had no protective action 
against the hypoprothrombinemic effect of dicumarol as measured on 
standardized dogs with a fixed and constant dose of the drug. 
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THE RELATIONSHIP BETWEEN VITAMIN M AND THE 
LACTOBACILLUS CASEI FACTOR* 
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(From the Department of Physiological Chemistry, School of Medicine, University of 
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(Received for publication, August 2, 1945) 


Evidence of a more or less indirect nature has accumulated which tends 
to show a relationship between vitamin M (1) and certain of the factors 
which stimulate bacterial growth. Thus, the Ohio group (2) treated cyto- 
penic monkeys with a “folic acid’’ concentrate prepared from yeast by the 
method of Hutchings et al. (3) and obtained a remission of the blood 
dyscrasia. Waisman and Elvehjem (4) obtained what they considered a 
significant weight response in monkeys by the use of a norit eluate of 
solubilized liver. It had previously been shown that a commercially 
available crude liver extract was capable of producing a prompt remission 
in the cytopenic monkey (5). In none of these experiments was a highly 
purified material used for the tests, however. 

Evidence of another nature also pointed to the identity of vitamin M 
with the factor stimulating Streptococcus faecalis. Although the occurrence 
of vitamin M in certain crude materials could not be correlated with the 
Streptococcus faecalis factor content of these materials (6), it was found 
that after incubation with an enzyme prepared from rat liver (7) there was 
good agreement between the monkey assay and the microbiological assay 
(8). 

It is obvious that the crucial test of the identity of vitamin M with any 
of the factors stimulating bacterial growth would be experiments wherein 
a pure substance, known to be microbiologically active, is shown to be 
biologically active in the monkey. It is the purpose of this paper to 
report such experiments, and to interpret them in the light of some of our 
microbiological studies. 


EXPERIMENTAL 


Through the courtesy of Dr. E. L. R. Stokstad of the Lederle Labora- 
tories, Inc., a quantity of Lactobacillus casei factor (9) was made available 
for experiments upon the monkey. Six curative type experiments have 
been made upon four animals. The most significant data from two of these 
experiments were reported previously (10). Complete hematological data 


* Research paper No. 574, Journal Series, University of Arkansas. Aided by a 
grant from the Nutrition Foundation, Inc. 
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on five of the experiments are plotted in Fig. 1 to 3 of this report. Weight 
records were kept but are not reported here. The day to day variation 
is so great that we do not consider weight changes in cytopenic monkeys 
to be as significant as blood picture changes, especially in short term 
curative type experiments. 

The methods of housing and the care of the monkeys were the same as 
those previously used (1, 5,6). In the hematological studies the methods 
outlined by Shukers et al. (11) were employed. The animals received 
Diet 600 with pure vitamin supplements (6). 
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Fic. 1. Data on Monkey 146, which was given 1 mg. of Lactobacillus casei factor 
on the 242nd day and 2 mg. on the 243rd day, intramuscularly (total dose, 3 mg.). 


The Lactobacillus casei factor was given by intramuscular injection in 
the doses indicated in the legends to Figs. | to3. Marked increases in the 
numbers of all types of blood cells followed the injections. The six ex- 
periments were performed on monkeys with varying degrees of anemia at 
the time treatment began; initial erythrocyte counts ranged from 4.0 million 
per ¢.mm. in the first test on Monkey 147 (Fig. 3) to 1.5 million per c.mm. 
in the second test on Monkey 131 (Fig. 2). As would be expected, the retie- 
uloeyte responses bore an inverse relation to the initial ervthroeyte counts; 
in the first test on Monkey 147 the maximum reticulocytes were 7.8 per cent; 
in the second test on Monkey 131 the reticulocytes reached a maximum of 
47 per cent of the circulating erythrocytes. All of the monkeys showed 4 
distinct leucopenia when used for the Lactobacillus casei factor test. ‘Treat- 
ment was followed by sharp increases in the number of circulating white 
blood cells in every experiment. 
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Fic. 2. Two experiments on Monkey 131. 
mg. of Lactobacillus casei factor on the 231st day and 1 mg. on the 233rd day (total 
In the second experiment it received 1 
factor on the 285th day, | mg. on the 289th day, and 0.7 mg. on the 291st day (total 
dose, 3.2 mg.). 


In the first experiment it received 2 


mg. of Lactobacillus casei 


RETICULOCYTES - % 


TOTAL WHITE 


40 


on Monkey 147. 


120 140 «6160 «180 200 


OAYS ON 


Fic. 3. Two experiments with Lactobacillus case: factor and one with xanthopterin 
In the first experiment it received | mg. of Lactobacillus casei fac- 
tor on each of the following days: 111th, 112th, and 113th (total dose, 3 mg.). 
ceived xanthopterin by injection as follows: 158th day, 1 mg.; 160th day, 2 mg.; 161st 
day, 3 mg.; 162nd day, 4 mg.; 163rd day, 3 mg. (total dose, 13 mg.). It received 1 mg. 
of Lactobacillus casei factor on the 164th day and 1.8 mg. on the 165th day (total 
dose, 2.8 mg.). 
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The treatment of the cytopenic monkeys with Lactobacillus casei factor 
was followed by dramatic improvement in the clinical condition of the 
animals as well as in the blood picture. Several of the animals had ex- 
hibited loss of appetite, mild necrosis of the gums, and severe diarrhea 
when they were used for test. Treatment was followed by the prompt 
return of normal appetite, disappearance of diarrhea, and regression of 
the gum changes. 

From the data given in the legends to Figs. 1 to 3, it will be seen that the 
total dose of Lactobacillus casei factor varied from 2.8 to 3.2 mg. Such 
doses resulted in maximum reticulocyte responses on the 4th day in five 
experiments, and on the 7th day in one experiment. 

Monkey 147 (Fig. 3) received a total of 13 mg. of synthetic xanthopterin 
by intramuscular injection between the 158th and the 163rd days. Al- 
though there appeared to be a slight reticulocyte increase during this pe- 
riod, there was no evident effect upon the erythrocyte count, the white 
cell counts, or the hemoglobin level. This and another similar experiment 
would seem to indicate that injected xanthopterin is not as effective as 
xanthopterin given by mouth, as reported by Totter et al. (6). This 
difference may be due to the fact that, because of its relative insolubility, 
the dose of xanthopterin which can be given intramuscularly is necessarily 
much smaller than that which can be given by mouth. 

Monkey 131 exhibited evidence of vitamin K deficiency on the 288th day, 
a massive subcutaneous hemorrhage and prolonged bleeding at the site 
where the ear vein was incised to draw blood for hematological studies. 
2.5 mg. of menadione were injected on this day and again on the 289th. 
This treatment was followed promptly by correction of the bleeding ten- 
dency. Unfortunately, prothrombin time determinations were not made 
on the animal. In the 14 years of experience of this laboratory with 
vitamin M-deficient monkeys, this was the first case of prolonged clotting 
to be seen. We have since observed it in another monkey under some- 
what similar dietary conditions. 

The Lactobacillus casei factor used in this study was reported by 
Hutchings et al. to be relatively inert in stimulating the growth of Strepto- 
coccus faecalis (9); the amount required for half maximum stimulation of 
L. casei was 0.000061 y per ml., while the amount for half maximum stim- 
ulation of S. faecalis (S. lactis) was 0.0042 y per ml. We have likewise 
found that the L. casei factor has little stimulating effect for S. faecalis; 
under the conditions of our assay 0.0021 y per ml. is required for half 
maximum stimulation. However, after treatment with the rat liver 
enzyme of Mims e/ al. (7) the L. casei factor gave half maximum stimu- 
lation of S. faecalis in a concentration of only about 0.00009 y per ml.; 
this latter value is almost identical with the amount of a standard vitamin 
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B, sample required for half maximum stimulation of S. faecalis under 
similar conditions. ‘The treatment with the rat liver enzyme thus effected 
a 23-fold increase in the ability of the substance to stimulate the growth of 
8. faecalis. 


DISCUSSION 


The data presented in the foregoing figures and paragraphs furnish 
cogent evidence for the effectiveness of highly purified Lactobacillus casei 
factor in the treatment of the monkey made anemic and leucopenic by a 
vitamin M-deficient diet. Every criterion applied, response of reticu- 
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Fic. 4. Maximum reticulocyte responses (in per cent of total erythrocytes) plotted 
against initial erythrocyte counts (in millions per c.mm.). The filled circles repre- 
sent responses of cytopenic monkeys to injected Lactobacillus casei factor, from data 
given in this paper. X represents the response to the feeding of xanthopterin to 
cytopenic monkeys as reported by Totter et al. (6). The solid line is plotted from 
the data of Isaacs and Friedman (12) for the maximum reticulocyte percentage after 
intramuscular liver therapy in pernicious anemia. 


locytes, erythrocytes, hemoglobin, total white blood cells and granulocytes, 
and improvement in clinical condition, supports this conclusion. It is 
evident that a total intramuscular dose of about 3 mg. of Lactobacillus casei 
factor, divided over several days, is adequate to produce a dramatic re- 
sponse in the cytopenic monkey and to keep the cytopenia in remission for 
& period of from 10 to 30 days. 

The response shown by the reticulocyte level is probably the most sensi- 
tive criterion of effective treatment. We have plotted in Fig. 4 the max- 
imum reticulocyte responses against the initial erythrocyte counts; i.c., 
the erythrocyte count on the day that treatment was started in each case. 
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Since we have no guide to the prediction of a maximum possible reticu- 
locyte response in the cytopenic monkey, we felt that 1t would be of interest 
to compare our data with the predictable maximum reticulocyte response 
in a blood dyscrasia in another primate. Consequently, we have plotted 
also in Fig. 4 the response of pernicious anemia patients to adequate intra- 
muscular liver therapy, taken from the data of Isaacs and Friedman (12), 
This is of course not to be construed as a suggestion of the identity of 
pernicious anemia in man with nutritional cytopenia in the monkey, 
Even a cursory glance at Fig. 4 reveals that the responses of the mon- 
keys to Lactobacillus casei factor were much greater than the responses of 
pernicious anemia patients to adequate therapy. In Fig. 4 are also plotted 
the reticulocyte responses of cytopenic monkeys to the feeding of xanthop- 
terin, as published by Totter et al. (6). Although undoubtedly significant, 
they are smaller than those produced by L. casei factor. 

The data reported in this paper add two important facts to the knowledge 
of the significance of the Lactobacillus casei factor (9). It was reported by 
Hutchings et al. (9) that the substance was active in stimulating growth of 
L. casei but relatively inert toward Streptococcus faecalis (S. lactis R). 
We have now shown that after enzymic treatment the substance is about 
as active as a vitamin B, standard in stimulating S. faecalis. It was 
reported to be effective in the anemic chick (9), and was found by Daft 
and Sebrell to be active in the succinylsulfathiazole-treated rat (13). We 
have now shown it to be effective in the cytopenic monkey. Under ap- 
propriate conditions, therefore, the substance is biologically active for 
L. casei, S. faecalis, the anemic chick, the a ee 
and the monkey. 

The relation of vitamin M to other substances of microbiological i im- 
portance is also of interest. The final evidence for the activity of vitamin 
B, and vitamin B, conjugate in the cytopenic monkey must of course await 
the actual use of the pure compounds in monkey experiments. Certain 
inferences can be drawn from known facts, however. Totter ef al. (6) 
found that the content of substances stimulating Streplococcus faecalis in 
yeast was not sufficient to account for its effectiveness in preventing nutr- 
tional cytopenia in the monkey. However, if an extract of the yeast was 
first treated with an enzyme prepared from rat liver (7) the S. faecalis- 
stimulating activity of the yeast then measured was consistent with its 
vitamin M content (8). Similarly, the content of S. facecalrs-stimulating 
factor in Difco yeast extract before enzymic treatment (preformed factor 
content) was not sufficient to explain the activity of yeast extract in the 
succinylsulfathiazole-treated rat, whereas the content of S. faecalis-stimu- 
lating factor after enzymic treatment (potential factor content) was 
sufficient to explain such activity (8). Thus yeast (and to a less extent 
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many other materials) contains a substance which is microbiologically 
jnactive, but which is active in the cytopenic monkey and in the succinyl- 
sulfathiazole-treated rat; this substance becomes microbiologically active 
after enzymic treatment. It would appear to be a material with micro- 
biological properties similar to those of vitamin B, conjugate (14). In 
this connection it should be recalled that the enzyme from rat liver which 
in this paper is reported to increase the activity of Lactobacillus casei 
factor in stimulating the growth of S. faecalis was previously shown to 
have a similar action on vitamin B, conjugate (15). 

For the nutrition of higher forms of life (chick, rat, and monkey), it 
would appear that Lactobacillus casei factor, vitamin B,, and vitamin B, 
conjugate are interchangeable. 


SUMMARY 


With highly purified Lactobacillus casei factor, six curative type experi- 
ments have been performed upon four young rhesus monkeys, previously 
rendered anemic and leucopenic by a vitamin M-deficient diet. The L. 
casei factor was given by intramuscular injection in a total dose in each 
experiment of about 3 mg., divided over several days. The treatment 
was followed in every case by prompt remission of the blood dyscrasia and 
dramatic improvement in the clinical condition of the animal. Re- 
ticulocytes increased to maximum levels of from 7 to 47 per cent of the 
dreulating erythrocytes (normal, 0.2 to 0.3 per cent); the crises were 
reached in from 4 to 7 days. Erythrocyte counts, hemoglobin levels, 
and white blood cells increased to normal or near normal levels. The 
dose used was adequate to keep the monkeys in remission for periods 
ranging from 10 to 30 days. ‘These experiments furnish convincing evi- 
dence of the effectiveness of highly purified L. casei factor in vitamin 
M-deficient monkeys. 

The Lactobacillus casei factor ts relatively inert in stimulating the growth 
of Streplococcus faecalis. Wowever, after treatment with an enzyme pre- 
pared from rat liver, it becomes as active as a standard vitamin B, prep-. 
aration in stimulating S. faecalis. This rat liver enzyme had previously 
been shown to liberate the S. faecalis-stimulating factor from vitamin 
B, conjugate and from yeast. 
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THE EFFECTS OF VARIOUS INHIBITORS OF CARBOHYDRATE 
METABOLISM, IN VIVO 


By PHILIP HANDLER 


(From the Department of Biochemistry, Duke University School of Medicine, 
Durham, North Carolina) 


(Received for publication, July 18, 1945) 


Much information concerning the pathways of carbohydrate metabolism 
has been obtained by the use of enzymic inhibitors, in vitro. However, 
with the exception of phlorhizin, few data are available describing the 
effects of these inhibitors, in vivo. Turner and Hulpieu (1) found that 
sodium cyanide administered to rabbits produced high blood glucose and 
lactic acid concentrations within 3 to 4 hours. Neuss (2) and Irving (3) 
reported high blood sugar values in rabbits given iodoacetate and noted 
that this could be prevented by insulin. Nishida (4) confirmed these 
findings and also described a marked drop in the alkaline reserve after 
jodoacetate administration, while Milhorat and coworkers (5) found that 
iodoacetate produced a creatinuria in dogs which was accompanied by a 
considerable increase in phosphate excretion. Stare and Baumann (6) 
reported hyperglycemia in rabbits dosed with sodium malonate and that 
this compound apparently counteracted the effects of insulin. Kaplan 
and Greenberg (7) observed that while sublethal doses of sodium fluoride 
caused a hyperglycemia in rats, lethal doses actually resulted in a terminal 
hypoglycemia. These authors also noted an increase in liver glucose-6- 
phosphate in fluoride-poisoned rats accompanied by a diminished con- 
centration of liver inorganic phosphate. While malonate, fluoride, and 
phlorhizin inhibited adenosine triphosphate formation, iodoacetate did 
not appear to interfere with this process. 

In the present work, the effects of fluoride, cyanide, azide, malonate, 
and iodoacetate on blood glucose, lactic acid, inorganic and total acid- 
soluble phosphate, and pyruvic acid were investigated. 


EXPERIMENTAL 


Adult rabbits were used throughout this work. Because of the con- 
siderable variability of blood glucose and lactic acid values in this species, 
each animal was given 10 mg. of nembutal intravenously and 20 mg. 
subcutaneously about 1 hour before administration of the inhibitor to be 
studied. In a series of control rabbits this dosage was found sufficient to 
stabilize blood glucose at values below 130 mg. per cent and lactic acid at 
values below 30 mg. per cent without influencing the other blood com- 
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ponents. The dose of inhibitor varied with each substance. In each 
case the dose finally chosen was that which would prove fatal within 3 to 
5 hours. These were, in mg. per kilo of body weight, NaF 250, NaN, 10, 
NaCN 1.2, sodium iodoacetate 80, sodium malonate 1500. In each case 
the drug was given in a final volume of about 50 cc. subcutaneously; the 
cyanide and azide were dissolved in 0.85 per cent NaCl, the others in 
distilled water. Blood samples were collected every 30 minutes, with : 
heparin as the anticoagulant. When possible, the terminal sample was 
collected a few minutes before death by heart puncture. On other ocea- 
sions the final sample was obtained from the heart or jugular vein within a 
few minutes after death. Blood samples taken in this manner from con- 
trol animals which had been sacrificed by a blow on the head or a large 
overdose of nembutal did not vary appreciably from the normal values . 
which had been established for these animals. 

Blood ghicose was estimated by a modification of the Folin micromethod : 
(8), phosphate according to Fiske and Subbarow (9), lactic acid by the 
Elgart and Harris modification of the Mendel-Goldscheider procedure (10) 
and checked by the technique of Barker and Summerson (11), and pyruvate 
by the method of Friedemann and Haugen (12). No quantitative deter- 
minations of acetone bodies were run but spot tests for acetoacetic acid by 
a modification of the Rothera test (13) were routinely performed. CO, 
combining power was estimated with the Van Slyke apparatus. 

Sodium Cyanide-—Results with this drug were rather variable in that 
it was difficult to establish a single dose which would be fatal in somewhat 
more than 2 hours after administration. The most effective results were 
obtained by periodic dosage with sublethal quantities. A typical protocol 
obtained in this manner is shown in Table I. Blood glucose, lactate, and 
inorganic phosphate accumulated steadily throughout the experiment. 
Only a small increment in pyruvate or organic phosphate was noted. 
Spot tests for acetone bodies were consistently negative. For the last 40 
minutes of the experimental period the animals’ respiration was markedly 
increased; then the breath came in deep gasps for about 10 minutes before 
death. Essentially similar data were obtained from a rabbit which had 
fasted for 72 hours before administration of the eyvanide. However, m i. 
this animal, there occurred an initial rise in blood glucose, reaching 4 
maximum value of 150 mg. per cent in 2 hours, followed by a steady 
decrease so that the final value was 47 mg. per cent at death. The other 
data were quite similar to those shown in Table I. 

Sodium Azide—The response to this drug was quite similar to that 
described for cyanide and a typical protocol for a well fed rabbit is shown 
in Table IT. The initial drop in serum inorganic phosphate, followed by 
a rise to values decidedly above normal, was seen in all the animals studied. 
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When fasting animals were used the response was again like that found 
with cyanide. For example, one fasted animal that had been given 12 mg. 
of sodium azide per kilo showed the following hourly blood sugar values: 
103, 268, 325, 248, 105 mg. per cent, and, at death 30 minutes later, 86. 
The rise in blood glucose commenced very rapidly after administration 
of the drug. ‘Thus, in two animals which had been given 30 mg. per kilo 
and died 22 and 34 minutes later, blood glucose levels of 241 and 276 
mg. per cent respectively were found. 


TABLE | 
Metabolic Effects of Sodium Cyanide 


A male rabbit, weight 2400 gm., was given 3.2 mg. of NaCN subcutaneously every 
hour during the xperiment. 


Serum i Serum organic | Blood lactic Blood ic 


Time | Blood glucose pe P | acid acid 
mec. per cent me. cont me. per me. per cenit me. per cent 
110 OLS 34 0.9 
70) | 128 | 5.1 | 0.7 42 | 1.4 
130 | 172 5.3 1.1 55 | 1.3 
195 153 5.5 1.6 72 1.7 
Taste Il 


Metabolic Effects of Sodium Azide 


An adult female rabbit weighing 2830 gm. was given 35 mg. of NaN, dissolved in 
Bee. of 0.85 per Nat 


min. meg. per cent me. per cent | meg. percent = —s mg. per cent | meg. per cent 
0 | 115 | 5.1 | 0.95 : 45 | 1.1 
60 | 229 | 4.2 Ss 75 | 1.3 
135 334 | 4.3 0.5 | OS | 1.7 
250 425 5.7 0.78 194 2.8 


The effect of insulin on azide poisoning was studied in several rabbits. 
The results of one such experiment are shown in Table III. After obtain- 
ing a control blood sample, 30 units of insulin were given and the azide 
administered 60 minutes later. ‘The lowering of serum inorganic phosphate 
wually seen after insulin administration was accentuated by the azide, 
and the terminal rise in phosphate was not as marked as usual. The blood 
figar seemed to represent a balance between the actions of the two drugs, 
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while the lactic acid rise was unaffected by the insulin. Insulin was also 
given to several rabbits in which the azide-induced hyperglycemia was 
also established, with results much like those above. Thus in one rabbit 
which showed control glucose, phosphate, and lactate concentrations of 
123, 4.35, and 36 mg. per cent respectively, azide administration resulted 
in corresponding values of 257, 5.05, and 97 mg. per cent 110 minutes 
later. 40 units of insulin were then given intravenously and the animal 
died 45 minutes later, when these values were found to be 109, 12, and 189 
mg. per cent respectively. 

The effects of NaN; were also studied in two rabbits which had previously 
been rendered diabetic by alloxan administration. When nembutal was 
given to such animals in the usual fashion, they became highly excited 


Tasie III 
Metabolic Effects of Azide Plus Insulin 


An adult male rabbit, weight 3700 gm., was given 30 units of insulin subcutane. 
ously with nembutal and 60 minutes later 45 mg. of sodium azide in 20 cc. of 0.85 
per cent sodium chloride. 


i Blood glucose | Serum inorganic | Serum organic Blood lactic | Blood pyruvic 
0 121 4.4 0.7 39 1.4 
60 93 2.8 0.9 28 1.1 
120 81 1.6 1.0 75 2.4 
180 77 2.9 | 0.9 149 2.1 
235 82 6.3 1.3 | 254 | 2.8 


within 3 or 4 minutes. This excitement persisted for 20 to 30 minutes, 
during which time the animals’ movements were entirely without coordina- 
tion and they completely lost the use of their hind limbs. They then lost 
consciousness and remained deeply anesthetized for 90 to 120 minutes, 
and came out of the anesthesia very slowly over the following 2 hours. 
In consequence the desired studies were performed on other alloxan- 
diabetic animals without the use of nembutal. No essential difference 
was observed from those already shown in Table II, except that the initial 
blood sugars were found to be 364 and 419 and these rose to terminal 
values of 536 and 632 mg. per cent respectively. 

Sodium Fluoride—The response to this drug was quite similar to those 
described above and a typical protocol is shown in Table IV. The pre 
liminary drop in inorganic phosphate was again followed by a very marked 
increase. The concentrations of blood glucose and lactic acid rose, 
pyruvic acid and organic phosphate increased erratically and to a much 
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smaller extent. Spot tests for acetone bodies were consistently negative. 
Serum calcium determinations were performed in a few instances and 
these all showed a definite decrease from basal values of 10.5 to 12 mg. per 
cent to final values of 7 to8 mg. percent. Table V is a protocol describing 
the effects of NaF given to a rabbit which had previously been given a 
large dose of insulin. The effects of NaF on the serum phosphate and 
blood lactic acid were again manifest, but blood glucose remained below 


Tasie lV 
Metabolic Effects of Sodium Fluoride 


A male rabbit, weight 3400 gm., was given 750 mg. of NaF in 50 cc. of water sub- 
cutaneously. 


Serum Se Blood lactic | Blood 
Time | Blood glucose | inorganic P | organic P | ac id “ <a | patie 
min. mg. per cont mg. per cont | mg. per cent | mg. per cent | me. per cent | vol. per cent 
21 1.3 51 
@ | 39 | 97 1.6 
18 | 26 3.4 
4 | 9 25 | 2 | 8 
TaBLe V 


Metabolic Effects of Sodium Fluoride Plus Insulin 


A young female rabbit, weight 1700 gm., was given 20 units of insulin subcutane- 
ously and 60 minutes later 400 mg. of NaF in 30 ce. of water subcutaneously. 


Time Blood glucose Serum inorganic P Serum organic P Blood lactic acid 
min. mg. per coni mg. per cent me. per cent mg. per cent 
0 | 117 4.7 0.4 27 
60 | 67 3.6 0.5 19 
120 | 66 : 3.0 0.9 61 
180 | 62 | 5.4 | 1.0 104 
250 | 60 | 15.2 | 1.2 | 248 


normal throughout the experiment. Again, insulin given after the hyper- 
gycemia had been established proved capable of lowering the blood sugar 
but did not affect the rise in either inorganic phosphate or lactic acid. 
All animals showed much the same gross picture of fluoride poisoning: 
intense, thick salivation, marked air hunger, and terminal convulsions 
which may perhaps be related to the diminution in blood calcium. The 
extent of the acidosis is indicated by the diminution in serum bicarbonate 
concentration. 
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Sodium Iodoacetate—lodoacttic acid (Eastman) was recrystallized from 
petroleum ether and dried in a glass column through which dry air was 
passed (Table VI). The resultant crystals were white and gave a very 
faintly positive starch test for free iodine. These were dissolved in water 
and the pH adjusted to 7.0 before subcutaneous administration. The 
results obtained with this drug were more variable than those encountered 
in any other instance. There always occurred an increase in blood glucose 
and lactic acid, but these were not as marked as the results obtained with 
the other metabolic inhibitors. After a preliminary decrease, serum 
inorganic phosphate sometimes rose to values greater than normal and 
sometimes failed to do so. However, in no case was the terminal inorganie 
phosphate concentration greater than 6.8 mg. per cent. In contrast, 


Tasie VI 
Metabolic Effects of Iodoacetate 
A young male rabbit, weight 2800 gm., was given 200 mg. of iodoacetic acid in 
20 ec. of water, pH adjusted to 7.0. 


min. mig. per cent mg. per cent mg. percent | me. per cent mec. per cent 
ae 02 3.9 0s | 25 0.9 

70 107 2.4 1.3 43 | 1.8 
125 136 3.9 1.5 53 1.4 
200 189 5.4 2.7 st 1.7 
270 258 6.8 3.4 126 2.0 


there consistently occurred a considerable increase in serum organic 
phosphate. No acetone bodies were ever detected in the plasma of such 
animals. Convulsions were observed in only a few instances but acidotie 
hyperpnea was invariably seen. 

Sodium Malonate—The lethal dose of sodium malonate is considerably 
greater than that of the other drugs emploved. The malonic acid was 
dissolved in water, neutralized to pH 7.3, and injected subcutaneously asa 
hypertonic solution. No preliminary drop in inorganic phosphate was 
ever encountered, but the other measured components behaved as they 
had done with the other inhibitors, except that the terminal values obtained 
in this fashion were usually somewhat higher than those which had been 
previously found. Serum obtained from animals which had survived 
more than 2 hours invariably gave strongly positive tests for acetone 
bodies. A typical protocol is shown in Table VII. When doses whieh 
were fatal within 4 hours were employed, it was not found possible to 
prevent the marked hyperglycemia even when given to animals in insulin 
convulsions. In one instance, a 2800 gm. male rabbit was given 30 units 
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of insulin. Convulsions occurred about 90 minutes later when the blood 
glucose was 34 mg. per cent, serum inorganic phosphate 2.1 mg. per cent, 
and lactic acid 32 mg. per cent. At this point, 4 gm. of malonic acid were 
given. ‘The animal died 110 minutes later at which time glucose, inorganic 
phosphate, and lactic acid concentrations were 154, 9.7, and, 290 mg. per 
cent respectively. No protocol of such an experiment is given, since it 
would so closely resemble that in Table VII. 

The succinoxidase activity of tissues from a malonic acid-poisoned 
rabbit was very kindly measured by Dr. Frederick Bernheim. A 2020 gm. 
rabbit was given 3.2 gm. of malonic acid in 5O ec. of water, pH 7.2. The 
animal died 145 minutes later, at which time the glucose, phosphate, and 
lactic acid concentrations were 252, 17.8, and 174 mg. per cent respectively. 
Samples of liver, kidney, and heart were dispersed in a Ringer-phosphate 


Tasie VIL 
Metabolic Effects of Sodium Malonate 


A male rabbit, weight 3800 gm., was given 6 gm. of malonic acid subcutaneously 
in 30 ec. of solution, pH 7.3. 


Time Blend | Soren Blood lactic | Blood pyravic 
min. me. per cont omg. per cent | some. per cent | me. per cent | me. per cent vol. per cent 
0 | 110 1.5 0.9 | 27 1.1 53 
5.1 0.8 | 85 1.7 
190 515 16.3 : 2.3 | 174 | 2.9 6 


medium with a small Waring blendor and incubated at 37° in Warburg 
flasks in the presence and absence of succinate. Since the concentration 
of tissue usually employed for such determinations would have meant 
dilution of the tissue malonate below its effective inhibiting range, rather 
thick breis were employed in such a way that in the final reaction mixtures 
liver was diluted four times, kidney six times, and heart seven times. The 
theoretical ©, uptake was 190 microliters, which was accomplished in less 
than 20 minutes by control preparations from normal animals. At 30 
minutes the uptakes for the malonate-poisoned tissues were heart 90 
microliters, kidney 74 microliters, and liver 39. At 60 minutes the uptakes 
were heart 160 microliters, kidney 137 microliters, and liver 86 microliters. 
This inhibition of the suecinoxidase activity of heart muscle may be 
Presumed to be at least a contributory cause of death in these animals. 
All but two of the eight animals studied died with greatly dilated hearts 
and in two animals which had survived for 5 and 7 hours a considerable 
quantity of ascitic fluid and a pleural edema were found. 

A separate series of rabbits was used to study plasma creatine-creatinine 
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relationships under the same experimental conditions. After obtaining 4 
normal sample of blood from the ear vein, lethal doses of azide, fluoride, 
and malonate were given subcutaneously. The plasma proteins were 
precipitated with tungstic acid. Creatinine was determined colorimetri- 
cally in one aliquot with the use of alkaline picrate. A second aliquot was 
brought to pH 1.5 with HCI, autoclaved for 30 minutes, cooled, neutralized, 
and the creatinine determined in the same fashion. The color was esti- 
mated in the Evelyn colorimeter. The difference between the two values 
was taken to indicate the creatine concentration. The results are given 
in Table VIII. In each case there occurred an appreciable increment in 
both creatinine and creatine. The last column expresses the amount of 
phosphate, as phosphorus, which may have entered the plasma from the 
breakdown of the quantity of creatine phosphate indicated by the inere- 


Tasie VIII 
Effect of Metabolic Inhibitors on Plasma Concentrations of Creatine and Creatinine 


| 
Inhibitor p Creatinine Creatine 
me. per cent mg. per ceni mg. per conti mg. por 
4.7 2.7 0.5 | 
ce 12.8 4.1 3.3 1.3 
eer 3.5 3.7 0.8 
Malonate, initial....._.. 4.3 3.1 0.7 


ment in plasma creatinine plus creatine. It will be seen, however, that at 
most this could have contributed but 20 per cent of the total increment i 
inorganic phosphate. No determinations of adenine nucleotide wer 
made. However, the results suggest the possibility that the rise in imor- 
ganic phosphate originated from the breakdown of creatine phosphate and 
the adenine nucleotides in the peripheral tissues. 


DISCUSSION 


From the foregoing data, it appears that lethal doses of each of the 
carbohydrate metabolism inhibitors evoked similar responses. There 
occurred a marked rise in the concentrations of blood glucose and lactic 
acid, serum inorganic phosphate, creatine and creatinine and, usually, & 
considerable increase in organic phosphate and pyruvic acid as well. The 
nature of the organic phosphate was not determined. However, because 
of the complexity of carbohydrate metabolism in the intact animal, no 
completely adequate explanation of these data by correlation with dats 
obtained, in vitro, now appears possible. 
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The increased blood glucose might result from either increased liver 
production or decreased peripheral utilization. The ability of insulin to 
prevent this increase probably points to the former possibility. Kaplan 
and Greenberg (7) have reported hyperglycemia in rats given sublethal 
doses of fluoride, but hypoglycemia when lethal doses were employed. 
These phenomena could not be duplicated, except in a few of the fasted 
rabbits studied. In a number of normally fed rabbits, also, blood sugar 
reached a maximum about 90 minutes before death and then fell slowly 
but remained over 200 mg. per cent. This may have been due to exhaus- 
tion of the supply of liver glycogen, or, as suggested by Kaplan and Green- 
berg, it may have been due to inhibition of the Jiver phosphatase by 
fluoride. Since the latter authors employed fasting rats, and in our 
animals the serum inorganic phosphate continued to rise while the glucose 
fell, and since this final fall in blood glucose has also been observed in 
animals poisoned with azide and malonate which do not inhibit liver 
phosphatase, it does seem more likely that depletion of the liver glycogen 
is responsible for these phenomena. Such depletion was reported by 
Irving (3) in iodoacetate-treated rabbits. It is, however, noteworthy 
that blood glucose concentrations as high as 350 mg. per cent have been 
observed in rabbits which had been fasted for 4 days before administration 
of fluoride, azide, or malonate. The rapidity of this response suggests 
that when the normal progress of carbohydrate oxidations is impaired, 
the liver responds by elevating the blood sugar. 

The increased serum inorganic phosphate might be thought to result 
from the hydrolysis of glucose-6-phosphate in the liver as blood glucose is 
liberated. But this rise has also been observed in animals in which blood 
glucose was maintained at subnormal levels by the action of insulin. 
Further, the increase in phosphate never paralleled the increase in glucose 
but, rather, happened largely in the last 30 or 60 minutes of the experi- 
mental period in contrast to the glucose which rose steadily. It would 
sem more plausible that the phosphate is derived from the breakdown of 
adenosine triphosphate and creatine phosphate when energy from car- 
bohydrate oxidation is no longer available. This is indicated by the 
appearance of appreciable quantities of plasma creatine and would be 


‘Apparently, NaF inhibits only the ‘‘acid phosphatase’’ of liver extracts (14). 
Ifthe pH of parenchymatous liver cells is of the order of 5.2 to 5.6 as found by Rous 
(15), then NaF would be expected to inhibit the hydrolysis of glucose-6-phosphate by 
liver cells or by liver extracts at a pH below 6.0. The failure of NaF to inhibit the 
“alkaline liver phosphatase’’ may account for the negative results of Cori, Cori, 
and Schmidt (16), who used liver extracts at pH 7.2 in contrast to the thick, cellular 
latapie mince employed by Ostern, Herbert, and Holmes (17) in which glucose-6- 
phosphate did accumulate in the presence of NaF when glycogen or glucose-1-phos- 
phate was added. 
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consistent with the creatinuria and phosphaturia observed by Milhorat 
et al. (5) in iodoacetate-poisoned dogs. 

The increased creatine and creatinine of plasma were not the result of 
migration from the erythrocytes, since actually the creatine and creatinine 
| concentrations in whole blood rose to almost the same extent. Further, | | 
= there occurred only a slight elevation in the non-protein nitrogen of whole 
e blood and there was no apparent uremia, although it remains possible 
that these drugs inhibit urea synthesis. Hence, while the appearance of 

plasma creatine under these circumstances appears reasonable, the increased 

concentration of creatinine is difficult to explain. 
| | fi Respiratory distress was a consistent finding and appears to have been 
due to the acidosis occasioned by the accumulation of lactic acid. The 
| latter is a reasonable finding in the anaerobic conditions imposed by 
cyanide, azide, and malonate. But fluoride and iodoacetate, both a 
which interfere with anaerobic glycolysis, also prompted high blood lactic 
acid values. ‘This might be expected to happen if there occurred a greater 
inhibition of liver glycogenesis from blood lactic acid than of the glycolytic 
breakdown of muscle glycogen. It is noteworthy that insulin, in doses 
sufficient to maintain subnormal concentrations of glucose despite the 
administration of fluoride, azide, or malonate, did not prevent the accumu 
lation of lactic acid. Thus while insulin may stimulate glycogen deposition 
in muscle (18) and promote the synthesis of fatty acids from glucose (19) 
and may also inhibit the process of liver glycogenolysis, it does not aceel- 
‘ erate glyconeogenesis from lactic acid, nor do the present data suggest an 
ae actual inhibition of this process. 
- The increase in plasma acetoacetic acid observed in malonate poisoning 
again offers two possibilities. Increased liver production because of 
impaired liver carbohydrate oxidation would appear to be unlikely, sinee 
the other inhibitors also interfere with this process, albeit at different 
stages. On the other hand decreased oxidation of acetoacetic acid by 
interference with the di- and tricarboxylic acid cycles, which have been 
implicated in this process (20-22), appears to be quite reasonable. 


This work was aided by grants from the Josiah Macy, Jr., Foundation, 
the Duke University Research Council, and a Charles Mayer Fellowship 
of the New York Academy of Medicine. 


SUMMARY 


—- The administration of cyanide, azide, malonate, fluoride, and iodo 
ch acetate in doses which were lethal within 3 to 5 hours resulted in much 
the same metabolic pattern. Large increases in the concentrations o 
blood glucose and lactate, plasma inorganic phosphate and creatine, and 
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smaller increments in the concentrations of blood pyruvate and plasma 
creatinine and organic phosphate were invariably found. Insulin pre- 
yented the rise in blood glucose but not that of the other components. 
Of this series only malonate induced an increase in the plasma acetoacetate 
concentration. The significance of these findings is discussed. 
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THE FRACTIONATION OF LECITHINS AND CEPHALINS 


By EILEEN A. WELCH 


(From the Department of Biochemistry and Pharmacology, School of Medicine and 
Dentistry, The University of Rochester, Rochester, New York) 


(Received for publication, August 24, 1945) 


The lecithins and cephalins are complex mixtures of chemical entities 
differing from each other (a) in their component fatty acids, (b) in the case 
of the cepbalins, in the nitrogenous constituent, and (c) in the point of 
substitution of the phosphoric acid-base group in the molecule. 

Power and Tutin (1) were the first to question the uniformity of the 
glycerophosphoric acids of lecithin. In 1912 Fourneau and Piettre (2) 
separated the calcium salts of the acid into two fractions and proposed 
that the glycerophosphoric acid of lecithin was a mixture of the a and 8 
Bailly (3) showed that two compounds, one a crystalline sodium salt 
of 8-glycerophosphoric acid, the other an amorphous sodium salt of a- 
glycerophosphoric acid, could be isolated from egg and brain lecithin. 
In 1926 Karrer and Salomon (4) presented a method for the separation of 
a- and 8-glycerophosphoric acid and obtained both compounds from 
lecithin. Finally, in a series of papers (1930-34) Suzuki, Yokoyama, and 
Nishimoto (5-8) reported methods for the separation of the a and 8 isomeric 
forms of lecithin and cephalin. We have used their methods, with a 
few modifications, on the phospholipids obtained from the heart, liver, and 
brain of rats, cats, guinea pigs, and beef and recently on the phospholipids 
obtained from the livers of fasted mice (9). 


Method 


Phospholipid Separation—The phospholipids were isolated from the 
tissues by the method of Bloor (10), with the exception that the alcohol 
extract of the tissue was concentrated in vacuo. The phospholipids were 
dissolved in ether, placed in the ice box overnight, and the ether-insoluble 
material removed by centrifugation. The phospholipids were always 
reprecipitated with acetone from the ether solutions to remove any adher- 
ing neutral fat and cholesterol. 

Lecithin-Cephalin Separation—Although a quantitative separation of 
lecithin and cephalin was difficult to obtain through differential solubility 
in cold absolute alcohol, it was necessary to use this method. An ether 
solution of the phospholipids was transferred to a 15 ml. centrifuge tube, 
evaporated to a small volume, and boiled with 5 ml. of absolute alcohol. 
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When the volume was about 2 ml., the tube was packed in ice and put in 
the refrigerator overnight. It was then centrifuged cold and the absolute 
alcohol drawn off. 3 ml. of aleohol were then added to the precipitate and 
it was boiled, chilled, and again centrifuged cold. 

: a- and B-Lecithin Fractionation—The two absolute alcohol solutions of 
the lecithins were combined and the alcohol was evaporated. The lecithings 
were dissolved in as small an amount of ether as possible and placed in the 
ice box overnight. The ether-insoluble material (sphingomyelin) was 
removed by centrifugation, and the ether-soluble material was transferred 
to a clean centrifuge tube. A cold saturated solution of cadmium chloride 
in ethyl alcohol was added slowly until no further precipitate appeared, 
and the precipitate was removed by centrifugation. The cadmium chloride- 
lecithin precipitate was then washed twice with 5 ml. portions of 7:3 
alcohol-ether as recommended by Yoshinaga! (11). 

Acetone was added and the precipitate was thoroughly mixed with it 
by means of a glass boiling rod (12). The tube was placed in a beaker of 
hot water and heated gently to boiling for 2 minutes. The glass rod was 
removed and washed with a very small amount of acetone, and the tube 
was centrifuged. The clear acetone solution which contained the $- 
lecithin-cadmium chloride complex (soluble in hot acetone) was transferred 
to another tube. The precipitate which contained the insoluble a com- 
pound was extracted twice more with hot acetone. 

The @ complex precipitate was dissolved in a mixture of chloroform and 
80 per cent alcohol and the cadmium was removed by the methy! alcoholic 
ammonia procedure of Levene and Rolf (13). 

The acetone solutions of the 8 complex were combined, evaporated down 
to about 10 ml. with the aid of a boiling rod, and the cadmium similarly 
removed (13). 

The solvents were evaporated from the two “isomers”? and each was 
redissolved in chloroform. Aliquots were then taken for determination of 
the amount of phospholipid present by the Bloor oxidation method (14). 

a- and B-Cephalin Fractionation—The cephalin precipitate obtained from 
the absolute alcohol procedure was dissolved in as small an amount of 
ether as possible and placed in the ice box overnight. The ether-insoluble 
material was removed by centrifugation. The ether solution was trans 
ferred to another centrifuge tube and a saturated solution of basic lead 
acetate was added slowly until no further precipitate was formed. The 
precipitate obtained by centrifugation was washed with 7:3 alcohol-ether; 
then benzene-alcohol 1:1 was added and the complex and benzene-alcohol 


1 The number of washings and amount of solution to use depended on the size of 
the sample. Two washings with 5 ml. portions were used for samples with about 15 


mg. of phospholipid. 
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mixture were stirred for at least 3 minutes with a boiling rod (12). The 
tube was then placed in a water bath and the benzene-alcohol was heated 
gently to boiling with the aid of the boiling rod, allowed to boil for 3 minutes, 
and then centrifuged. The complex was thus separated into the a@ series 
soluble in benzene-alcohol and the 8 series insoluble in benzene-alcohol. 
The 8 series precipitate was extracted twice more with the benzene-alcohol 
mixture. 

The benzene-alcohol solutions were combined, evaporated down to 
dryness, the residue was redissolved in chloroform, and the solution trans- 
ferred to a separatory funnel. Small portions of | per cent hydrochloric 
acid were added and the solution was washed until the acid water no longer 
had any detectable lead in it. 

The 8 complex was dissolved as completely as possible in chloroform 
(a few drops of 95 per cent alcohol aided in dissolving the lipid), transferred 
to a separatory funnel, and washed with 1 per cent hydrochloric acid. 

The chloroform solutions were each evaporated down to a suitable volume 
and aliquots taken for determination of the amount of lipid present by the 
Bloor oxidative method (14). 


DISCUSSION 


It has not yet been shown that this method of fractionation gives a pure 
aor a pure 8 compound. To test the fractionation we have used the 
Karrer and Salomon method (4), which depends on the fact that the barium 
salt of 8-glycerophosphoric acid when treated with barium nitrate forms 
a crystalline double salt, (CH,OH-CH(OPO;Ba)-CH,OH).-Ba(NOs)2, 
that is practically insoluble in water, whereas the barium salt of a-glycero- 
phosphoric acid does not form an insoluble double salt. 

The @ and 8 isomers obtained by our method of fractionation were 
hydrolyzed with 10 per cent barium hydroxide on the steam bath under a 
reflux for 6 hours. The barium soaps were filtered off and the barium 
glycerophosphates were precipitated from the filtrates with absolute alcohol. 
The precipitates were dissolved in water and the excess barium was pre- 
dipitated as carbonate and removed by filtration. 

The filtrates were concentrated by evaporation in vacuo and the barium 
glycerophosphates were again recovered by precipitation with absolute 
alcohol. These barium salts were dissolved in water and a solution of 
barium nitrate was added. The amount of barium nitrate added depended 
upon the size of the sample; the original Karrer and Salomon (4) proportion 
#0.8 gm. of barium nitrate in 10 ml. of water for 1 gm. of barium salt in 
10 ml. of H,O was employed. 

In most cases, the barium glycerophosphates obtained from the 8 isomers 
formed crystalline double salt compounds after 12 hours, indicating that 
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8-glycerophosphoric acid was present. From most of the @ compounds 
only barium a-glycerophosphate could be recovered; as a rule the glycero- 
phosphate showed no trace of turbidity when treated with barium nitrate, 
The only crystals found in these solutions were found to be excess barium 
nitrate. 

Kay (15) has criticized the Karrer and Salomon method, since they used 
supersaturated solutions from which a salt could crystallize on standing 
without addition of barium nitrate, but we did not find this to hold true 
with our samples. 

There was some excess barium nitrate in the 8-glycerophosphate barium 
nitrate double compound, but not enough to account for all of the crystals 
obtained. Therefore, the procedure seems valid. Rae (16) has shown 


| 
Fractionation Data on Normal Animal Tissues 
Data, for which the extreme values in each series are given, are expressed as 
percentages of the total phospholipid except where indicated otherwise. 


Phospholipid fractionation 
Tissue Anima! animals | 
| a-Cephalin §-Cephalin | «Lecithin 8 Lecithin 
Liver Beef 39.0-41.2* 48.2-50.0* 
Rat 9. 8-10.7 25.8-31.0 20.9-31.3 13.5-15.6 


5 
8 
Guinea 13° | 11.9-13.1 | 23.9-26.6 | 26.9-32.3 19.1-20.1 
Heart | Beef 5 | 28.8-20.7* | 57.3-63.0° | 
4 | 9.6-10.7 | 23.1-24.0 | 39.9-43.1 | 21.4-22.0 
8 | 19.8-21.2  11.6-14.2 | 33.1-37.0  20.9-23.2 
5 


Brain Rat 
58.6-60.2* 27.9-30.1* 70.9-75.0* | 19.9-21.5° 


* Expressed as the percentage of lecithin or of cephalin sample. 


that migration of the phosphate from the a to 8 position or vice versa does 
not occur during the hydrolysis of the phospholipid with barium hydroxide. 

The lecithin isomers appeared to be free of cadmium, but most of the 
cephalin isomers still contained some lead which often was troublesome. 
The lead complex still present often made solution in chloroform difficult; 
so that a few drops of 95 per cent alcohol had to be added to get solutions 
on which Bloor oxidations could be carried out. (The hydrochloric acid 
procedure, therefore, does not remove all the lead, and another method 
should be found.) 

Using this fractionation procedure we found results (Table I) in agree 
ment with those of other workers. We found, as did Yoshinaga (11), that 
in liver and heart 8-cephalin and a-lecithin predominate. Our results for 
brain phospholipids agree with those of Rae (16), who found with a 
enzymatic method that in brain the a forms were present in greater 
amounts. 
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SUMMARY 


A procedure is presented for the fractionation of the a and 8 isomeric 
forms of lecithin and cephalin. 

By use of this method it was found that in brain the a forms predominate 
and in the heart and liver a-lecithin and 8-cephalin predominate. 
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A SIMPLIFIED PREPARATION OF CARDIOLIPIN, WITH A 
NOTE ON PURIFICATION OF LECITHIN FOR 
SEROLOGIC USE 


By MARY C. PANGBORN 
(From the Division of Laboratories and Research, New York State Department of 
Health, Albany) 


(Received for publication, August 2, 1945) 


Since the original report of the isolation of cardiolipin (1), the usefulness 
of this substance in serodiagnostic tests for syphilis has been demonstrated 
(2-5). In this laboratory an antigen consisting of a mixture of cardiolipin, 
lecithin, and cholesterol (4) is now in routine use in complement fixation 
tests for evidence of syphilis (6). It was therefore important to devise 
more efficient and economical procedures for the preparation of cardiolipin. 
Some improvements over the original method have already been reported 
(7,8). It has now proved possible to improve the preparation still further. 
The fundamental procedures are the same as those previously employed, 
but some steps which at first appeared necessary have been omitted, others 
have been simplified, and the vield has been increased by establishing the 
necessary conditions for complete recovery of cardiolipin from the barium 
salts. 

The simplified procedure is presented in this paper by describing the 
details of a typical preparation. The method depends on the fact that 
cardiolipin is an acid and readily forms stable salts: the barium, sodium, 
and cadmium salts are those used for purification. These salts are rather 
easily converted one to another and the accompanying impurities may be 
removed in successive steps by taking advantage of the differing solubilities 
of the several salts in various combinations of solvents. 

Since purified lecithin is also required in the mixtures used as antigens, 
some notes on the application of the previously described method for the 
purification of lecithin (9) are also included. 


EXPERIMENTAL 


‘ive fresh beef hearts were defatted and ground in a meat chopper. 
The minced tissue, 5250 gm., was extracted twice with acetone for 24 hour 
periods at room temperature; for each extraction 1.2 ml. of acetone per gm. 
of tissue were used.' The acetone extracts were filtered off by suction. 


' The larger proportion of acetone originally used (1) for the second extraction has 
proved unnecessary. The acetone extraction was previously carried out in the cold 
but room temperature extraction has been found equally satisfactory. 
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After the second acetone extraction the tissue was dried before a fan for 
about 4 hours, when the odor of acetone was no longer noticeable, and was 
then ground to a fine powder in a corn mill. The dried tissue powder 
weighed 1080 gm. It was extracted three times with 95 per cent methyl 
alcohol (U.S. P.) in the proportion of 2 liters of solvent to 300 gm. of tissue 
(7), each extraction being continued for a week at room temperature with 
frequent shaking. After the third extraction the tissue was washed on the 
filter with methyl alcohol and discarded. 

Each extract was precipitated with 20 per cent aqueous BaCl, (7) as 
soon as it was collected, and stored at 3-6°. After the third extract had 
been precipitated and allowed to stand overnight in the cold, the pre- 
cipitates from all three extracts were pooled, collected by centrifugation, 
and washed once with methyl alcohol. 

The methy] alcoholic supernatant from the first extract, after the removal 
of the insoluble barium salts, was precipitated with CdCl,’ for the isolation 
of lecithin (see below). Some lecithin can also be obtained from the later 
extracts but the amount is only about 10 per cent of that from the first 
extract. 

Purification of Cardiolipin 

Sodium sulfate was used to convert the crude barium salts to sodium 
salts (8). To the packed precipitate in each centrifuge cup were added 
4 times its volume of ether and about 50 ml. of 5 per cent NasSO, for each 
100 ml. of ether. The material had been evenly distributed in four 250 
ml. centrifuge cups so that the volume of precipitate in each cup was 
about 30 ml.; this avoids the necessity for transferring to another container 
in order to add the required proportion of ether and NaSO,. The solid 
was thoroughly broken up with a spatula and the whole mixed by vigorous 
stirring; two liquid layers separated and a bulky semisolid precipitate 
settled. The latter was removed by centrifugation and the liquid layers 
transferred to a separatory funnel. 

The precipitate which separates at this point contains much organic 
matter as well as BaSO,. A portion of this is water-soluble, but there is 
also a considerable amount of unidentified material which forms colloidal 
solutions in ether, from which it is precipitated by relatively small pro- 
portions of ethyl or methy! alcohol (8); hence two clear ethereal solutions 
of the crude material may form a precipitate on mixing, if one happens 
to contain a larger proportion of methyl alcohol than the other. Quantita- 
tive removal of the colloidal impurities at this stage is difficult and is more- 
over not essential, since such removal is readily effected at the next stage, 
when the crude sodium salts are dissolved in methyl alcohol. It is impor- 


? Aqueous solution, approximately 50 per cent by weight. 
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tant, however, to reextract the precipitate in order to avoid possible losses 
of cardiolipin. ‘This was accomplished by vigorously stirring the pooled 
precipitates with 100 mil. of ether, 50 ml. of 5 per cent Na»SO,, and about 


15 ml. of methyl alcohol; the mixture was centrifuged, the liquid layers ‘ . 
added to the material in the separatory funnel, and the final precipitate ig 

The bright vellow aqueous layer was discarded and the ethereal solution ; 3 
washed twice with 5 per cent NasSQ,. This evidently removed some water- ig 


soluble impurities, as the aqueous layers were slightly yellow; the washing a 
also serves to remove excess methyl! alcohol, which if present interferes with 


the drying of the ethereal solution. An emulsion formed in the second ; 
washing but was readily broken by dilution with fresh ether and the addition iff 
of a little alcohol. 
The ethereal solution was dried overnight on anhydrous Na,SO,. The ‘ q 
solution was cloudy, and it had previously been found that the colloidal : r 
impurities interfered with filtration at this point; hence the NaSO, was 4 2 
separated and washed by decantation. The ethereal solution was concen- i 2 
trated by distillation and was finally taken to dryness in vacuo? ie 
To the dried residue about 75 ml. of acetone were added and the mixture 4 
was warmed in a water bath at 50° with vigorous shaking. The acetone i: 


was decanted and the residue was extracted once more with acetone in the 
same manner. The acetone extract contained 3.5 gm. of yellow oil, which 
was discarded. 

The acetone-insoluble fraction was dissolved in 100 ml. of ether and the 
cloudy solution was poured into | liter of methyl alcohol with rapid mixing. 
A finely flocculent precipitate separated, which was washed twice with warm 
methyl! aleohol and discarded. The pooled solution and washings, about 
1400 ml., were concentrated to 1 liter 7 vacuo to remove ether. The methyl 
alcoholic solution of crude sodium salts was designated Fraction Me-1. 

Preparation of Barium Cardiolipin—TYo the solution of Fraction Me-1 
was added 2 per cent of its volume of saturated NaCl (1) and the mixture 
was placed at 3-4) overnight. A sticky precipitate settled, from which 
the clear supernatant was separated by decantation. ‘To this supernatant 
2) per cent aqueous BaClh, was added until no further precipitate formed 
and the mixture was chilled in ice. Vigorous shaking of the chilled mixture 
helped to flocculate the barium salt. The precipitate was allowed to stand 5 
overnight in the cold, then collected by centrifugation, washed once with a 
methy! alcohol and once with acetone, and mixed with 30 ml. of ether (c.r. as 
anhydrous) in which it formed a thick suspension. To this were added 4 
9% ml. of acetone, and the flocculent precipitate was centrifuged and mixed 4 


* Carbon dioxide was used to displace air in all vacuum distillations and at every 4 : 
point where evaporation to dryness or nearly to dryness was required. ‘4g 
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with 40 ml. of ether, in which it now formed the stiff gel characteristie of 
barium cardiolipin (7). The deep yellow gel was precipitated by gradual 
addition of 40 ml. of acetone, and the ether-acetone precipitation wag 
repeated three times more in the same manner. At the fifth precipitation 
both precipitate and supernatant appeared nearly colorless. The preecipi- 
tate was then mixed with 20 ml. of ether to which a few drops of water were 
added; in the wet ether, the gelatinous salt gradually dissolved to a clear 
solution. To the light yellow ethereal solution 40 ml. of acetone were 
added rapidly with continuous mixing, when the salt separated as a finely 
divided solid. 

The final precipitation from wet ether has been found preferable to the 
chloroform-alecohol method previously used (7). Although the precipita- 
tion from anhydrous ether by acetone removes the greater proportion of 
the impurities present, the efficiency of this process decreases rapidly; as 
the barium salt is purified, it becomes less readily dispersible in ether, and 
the gel tends to form lumps. This difficulty is overcome by making the 
final precipitation from true solution rather than from the gelatinous 
state. 

A second crop of cardiolipin was obtained from the material precipitated 
from Fraction Me-1 by saturated NaCl. This precipitate, Fraction Me-2, 
was first redissolved in methy] alcohol; most of it dissolved readily on slight 
warming, and the remainder was taken up in a little ether and the ethereal 
solution poured into 6 volumes of methyl alcohol. The solution of Fraction 
Me-2 was acidified and the free acids fractionated with acetone as previously 
described (7), except that, in drying the free acid fraction by evaporation 
with absolute alcohol, only two successive additions of alcohol were made 
instead of five. The barium salt prepared by neutralization of the acetone- 
soluble acid was purified by precipitation from ether with acetone in the 
same manner as the first crop. 

Conversion to Sodium Salt—As was previously reported (7), the barium 
and cadmium salts of cardiolipin may under certain conditions be quanti- 
tatively converted to the sodium salt by shaking their ethereal solutions 
with half saturated NaCl. It has now been found that the completeness of 
this reaction is dependent on the presence of alcohol, which presumably 
acts to facilitate the mixing of the reactants in the two slightly miscible 
liquid phases. Either ethyl or methyl alcohol may be used. In the previ- 
ous method, when the barium salt had been precipitated from chloroform 
by alcohol and the alcohol-moist precipitate was then dissolved in ether 
and treated with NaCl, the necessary conditions were fulfilled and the 
reaction proceeded successfully, although the effect of the alcohol in the 
mixture was not known. When the chloroform-alcohol step was omitted, 
however, the importance of this factor promptly became evident, as the 
following experiment illustrates. 
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A sample of barium cardiolipin which had been precipitated by acetone 
and then dissolved in wet ether was shaken three times with half saturated 
NaCl, with the addition of only enough alcohol to break emulsions. When 
the ethereal solution was concentrated and poured into absolute alcohol, 
the recovered material was largely alcohol-insoluble and the insoluble 
_ portion proved to consist of unchanged barium salt. The recovered barium 
salt was redissolved in ether containing 10 per cent of its volume of alcohol 
and again shaken three times with half saturated NaCl; 10 ml. of alcohol 
per 100 ml. of ether were added to the ether layer before each addition of 
NaCl. After this treatment the cardiolipin was quantitatively recovered 
in the form of its sodium salt. 

It was recently noted (8) that the crude barium precipitate from the 
original extracts had not been completely converted to sodium salts by the 
method formerly in use (7). In that method the crude salts had been 
washed with acetone before dissolving in ether, so that the methyl alcohol 
originally present was removed; it now seems probable that the incomplete 
reaction observed was largely due to the fact that insufficient alcohol 
was present. 

The barium salt, purified by ether-acetone precipitation as described 
above, was dissolved in wet ether containing 10 per cent of its volume of 
alcohol and the solution was vigorously shaken for 5 minutes with one- 
third its volume of half saturated NaCl. The layers separated readily 
with no emulsification. The NaCl treatment was repeated twice, with the 
addition of alcohol each time in the proportion of 10 ml. for each 100 ml. 
of ether, and the ethereal solution was then washed twice more with NaCl 
to remove most of the added alcohol. The aqueous extracts were tested 
for the presence of barium by adding a little Na,SO,; the first three extracts 
all gave marked BaSQ, precipitates, the fourth a faint cloud, and the fifth 
none. The ethereal solution of the sodium salt was dried overnight on 
anhydrous Na,SQ,, filtered, concentrated by distillation to about 30 ml., 
and poured into 10 volumes of absolute alcohol with rapid mixing. The 
cloudy solution was concentrated in vacuo to about 80 per cent of its original 
volume to rcmove ether. During distillation a slight flocculent precipitate 
separated. ine solution was clarified by centrifugation and placed at 
+6°; at this temperature a further trace of insoluble matter slowly 
separated as a film adhering to the glass. The solution had a very faint 
yellow color. The sodium salt at this stage of purification was designated 
Fraction Ba-1. 

While no precise determination of the solubility of sodium cardiolipin 
in absolute alcohol has been made, it is of the order of 10 mg. per ml. at 
$-6°. Since the salt prepared as described above is nearly pure cardiolipin, 
formation of more than a trace of precipitate when the ethereal solution is 
poured into absolute alcoho) indicates that the amount of alcohol is insuffi- 
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cient for complete solution of the cardiolipin salt, and such precipitates 
should be redissolved in a little ether and poured into fresh absolute alcohol, 
The use of ether to disperse the material in the alcohol is advantageous 
because sodium cardiolipin dissolves rather slowly in alcohol alone, and 
some material might be lost by incomplete solution. The use of absolute 
alcohol facilitates the removal of the traces of insoluble impurities. 

The first crop of barium cardiolipin yielded 3.0 gm. of the sodium salt, 
while the second crop, obtained by the acid-acetone method from Fraction 
Me-2, was 2.4 gm. The total, 5.4 gm. or 29.3 per cent of the original 
Fraction Me-1, represents a vield of 1.0 gm. of Fraction Ba-1 per kilo of 
minced heart muscle. The average vield from four preparations was 10 


gm. per kilo. 
Taste I 


First Fractionation of Crude Sodium Salts, Fraction Me-! 


All samples were analyzed after removing Ba. Aliquots of the solutions were 
dried to constant weight at 80° in vacuo after displacing air with No, and the weights 
so found were corrected for NaCl (1). 


— 


Fraction Yield | Percent of Me-1 N | P Jodine No. 
gm. | | per cent | per cent 
| 0.56 | 3.89 106 
3.0 16.3 | 0.0 40 | 12 
Ba-3.... 1.4 112 


Iodine numbers were determined by Yasuda’s micro modification of the Rosen. 
mund-Kuhnhenn method (10). Phosphorus was determined gravimetrically, 
essentially by the method of Elek (11), with certain modifications to be deseribed 
elsewhere (12). For most of the analyses reported in this paper, the author is 
indebted to Miss Frances Gillum. 


The results of the first fractionation of Fraction Me-1 are presented in 
Table I. Fraction Ba-2 was the material contained in the ether-acetone 
supernatants from purification of the first crop of barium cardiolipin; 
Fraction Ba-3, the filtrate from the precipitation of Fraction Me-1 with 
BaCl.. Both were freed from barium in the same way as the cardiolipin 
fraction. 

Fraction Ba-2, dissolved in methyl alcohol, was examined for cardiolipin 
by successive precipitation with NaCl and BaCl in the same way as the 
original Fraction Me-1, but only 0.2 gm. of barium cardiolipin was ob- 
tained. This may vary considerably, however; in other preparations from 
10 to 20 per cent of the’ total yield of cardiolipin has been obtained by re- 
working Fraction Ba-2 (8), 
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Final Purification of Cadmium Cardiolipin—-The previous methol of 
purifying the cadmium salt by precipitation from benzene with ethy!] 
gcetate (1) sometimes vields the precipitate in the form of a voluminous 
semigelatinous mass, which retains much solvent and is almost impossible 
to pack down by centrifugation. A search for a substitute procedure 
showed that precipitation from ether by acetone gives as good results 
as the benzene-ethyl acetate method, with much greater ease of manipula- 
tion. 

To the alcoholic solution of Fraction Ba-1, 50 per cent aqueous CdCl, 
was added until no further precipitate formed, and the mixture was re- 
frigerated overnight. The precipitate was collected by centrifugation 
and washed once with absolute alcohol, and the volume of the precipitate 
was estimated at 20 ml. by measurement of a water blank in a similar centri- 
fuge cup. The alcohol-moist precipitate was mixed with 20 ml. of ether 
and the thick suspension was centrifuged. This procedure does not result 
in significant losses of cardiolipin, as the cadmium salt is not appreciably 
soluble in the mixture of solvents present, approximately equal parts of 
ether and alcohol. In some preparations, when a noticeable amount of 
color was still present in Fraction Ba-1, it was observed that most of the 
color was removed in the ether-alcohol supernatant from this first washing 
af the cadmium salt. 

The cadmium salt was next treated with 40 ml. of ether, in which it 
formed a stiff gel; the gel was precipitated by the gradual addition of 40 
ml. of acetone in the same manner as the barium salt, and this precipitation 
was repeated. The cadmium salt was next dissolved in 20 ml. of wet ether 
and to the clear faintly vellowish solution 60 ml. of acetone were added 
with rapid mixing; the finely flocculent precipitate was centrifuged and 
omce more precipitated from wet ether in the same manner. On redissolv- 
ing in ether it was now completely colorless. It was converted to the 
wdium salt by the method described above and the purified.sodium salt 
vas dissolved in absolute alcohol. The yield of pure sodium cardiolipin 
was 4 gm. or 0.76 gm. per kilo of minced tissue. No nitrogen could be 
detected in the purified product. The iodine number was 126. 

The method of preparation is presented in condensed form in the accom- 


panying diagram. 
Lecithin 
No essential changes have been found necessary in the method for the 
purification of lecithin (9) but some modifications in the details of its 
pplication have proved advantageous, 


In the method as originally described, the cadmium precipitate was 
Washed several times with ether before fractionating with petroleum ether 
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Preparation of Cardiolipin 
Methy! alcoholic extract + BaCl, 


Ppt. Supernatant; ppt. 
Crude Ba salts with CdCh, to 
Diseard — Convert to Na salts obtain lecithin 

Water-soluble and Ether-soluble Na salts 
ether-insoluble + acetone 
impurities 
Soluble Insoluble 
+ methyl! alcohol 
Insoluble Soluble, Fraction Me-1; + saturated NaCl(¢) © 
Supernatant Ppt. 
+ BaCl, Fraction Me-2 
| Convert to free 
| acid; + ace- 
t 
Supernatant Ppt. 
(Fraction Ba-3) Reprecipitate from 
ether with acetone | oa 
Soluble Insoluble 
| Prepare Ba (discard) 
Su salt and repre- 
pernatants —cinitate from 
(Fraction ether with 
Ba-2; convert 
to Na salts 
and repeat 
from(t)) 


Convert to Na salt 
Fraction Ba-l 


Absolute alcoholic solution + CdCl, 


Reprecipitate from ether with acetone 


| | 
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and 80 per cent alcohol. The treatment with ether serves to remove the 

r part of the cephalin and other impurities, but it also removes 
considerable lecithin. Since there does not seem to be any advantage in 
the preliminary ether treatment, it has been omitted and the purification 
of the cadmium salt carried out by the petroleum ether-80 per cent alcohol 
method alone. It is worth noting that when the methyl alcoholic extract 
is first precipitated with BaCl, to obtain cardiolipin, a large proportion of 
the cephalin and other substances which would otherwise be carried down 
with the lecithin fraction is removed in the barium precipitate; hence the 
supernatant from the barium precipitation yields the lecithin-cadmium 
salt in a more easily purified state than when the extract was initially pre- 
cipitated with CdCl, (1). 

For convenient reference the material remaining in the petroleum ether 
layer after extraction of the lecithin-cadmium salt @ designated Fraction 
P. Examination of this fraction reveals that there is apparently some 
dissociation of the lecithin-cadmium salt during prolonged extraction: 
after the extraction has reached an apparent end-point, Fraction P is 
found to contain free lecithin, which may be precipitated with more CdCle. 
This phenomenon was studied on purified lecithin. The sample, 44 gm. 
of lecithin which had already been twice purified over the cadmium salt, 
was reprecipitated from 2.4 per cent solution in alcohol with CdCl. The 
precipitate was suspended in 400 ml. of petroleum ether and extracted 
twenty times with 100 ml. portions of 80 per cent alcohol; the twentieth 
extract gave no precipitate on testing a small sample (9). Fraction P 
was concentrated by distillation and diluted with 95 per cent alcohol; 
the slightly cloudy solution, containing 6 gm. of dissolved material, gave 
8 further precipitate with CdCl. This precipitate was redissolved in 
petroleum ether and again extracted fifteen times with 80 per cent alcohol; 
the final Fraction P now amounted to only 0.5 gm. but this again contained 
free lecithin, as its solution in alcohol gave a precipitate with CdCl. 

From these results it is evident that the end-point of extraction, 1.e., 
the point at which a sample of the 80 per cent alcoholic extract no longer 
fives a precipitate on testing, is not the point at which a maximum yield 
# lecithin is obtained. The decision whether to rework Fraction P will 
evidently depend on the importance of securing a high yield of lecithin. 
Ascheme of purification which has been found convenient and practical 
for routine preparation of beef heart lecithin is as follows. 

The lecithin-cadmium salt, obtained from the first methyl alcoholic 
extract after removal of the barium precipitate, is first purified by twenty- 
ive to thirty extractions from petroleum ether with 80 per cent alcohol; 
Fraction P is concentrated, diluted with alcohol, and reprecipitated with 
CACl,; this precipitate is purified in the same way as the first lot and the 
wo lots of partly purified cadmium salt are combined. 
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The salt so purified is freed from cadmium and the lecithin is recovered 
by complete evaporation of the chloroform tn vacuo, then dissolved jn 
anhydrous ether, chilled at 3-6° overnight, and centrifuged in the cold to 
remove the ether-insoluble fraction, which usually amounts to about 10 
per cent of the lecithin. This insoluble material has not been further 
examined. 

The ethereal solution is concentrated and the lecithin dissolved in alcohol 
to make a 2 or 3 per cent solution, which is then reprecipitated with Cd, 
and the precipitate purified as before. The lecithin obtained at this point, 
that is, after two purifications over the cadmium salt, is analytically satis. 
factory but usually still has a trace of yellow color. An absolutely colorless 
preparation of Jecithin may easily be obtained if after the second purification 
the cadmium salt is once more resuspended in petroleum ether and extracted 
with 80 per cent al@shol. Cadmium is then removed as usual and the 
lecithin dissolved in absolute alcohol. 

Lecithin purified twice over the cadmium salt, either with or without an 
intervening removal of cadmium and reprecipitation, has been used exten- 
sively as a component of antigen solutions and has been found satisfactory. 
In comparing such material with samples which had been subjected toa 
third purification, no significant differences could be detected either by 
serologic tests or chemical analysis. The amount of pigmented material 
removed by the third purification is extremely small. It has been noticed, 
however, that the faintly yellow solutions obtained after only two purifica- 
tions may sometimes darken slowly on standing, whereas the water-white 
solutions of thrice purified lecithin remain colorless on prolonged storage 
in the cold (up to at least 8 months). Moreover, one of the important 
advantages to be derived from the use of purified phospholipids for antigens 
lies in their complete reproducibility; it seems advisable therefore to adhere 
to a rather rigid standard of purity for such materials. Consequently 
lecithin for serologic use is now being purified three times over the cadmium 
salt, to the point where no color can be detected in concentrated solutions. 
The yield of such thrice purified lecithin from beef hearts is about 2 gm. 
per kilo of minced heart tissue. 


DISCUSSION 


In preparing antigens for serodiagnostic use (3-5) mixtures of cardiolipin 
and lecithin in alcohol are prepared by dilution of alcoholic stock solutions, 
the concentration of which must be accurately determined. While it is 
possible to determine dry weight directly by evaporation of aliquots as 
mentioned above (Table I), such determinations have been found rather 
unsatisfactory in routine practice. In addition to the necessity of correct 
ing for inorganic salts, difficulties in direct weighing are encountered, due 
to the fact that the phospholipids are hygroscopic as well as susceptible to 
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oxidation. For routine use it has proved most satisfactory to standardize 
the solutions on the basis of their phosphorus content. 

The justification for this procedure obviously rests on the assumption 
that the materials are of uniform purity. Experience indicates that this 


assumption may safely be made, if the methods of purification here de- 


scribed are rigorously followed. Certain observations made during the 
preparation of cardiolipin may be employed, after a little experience, as 
criteria of a presumably satisfactory product: (1) the barium and cadmium 
salts must have exhibited the characteristic gelatinous appearance in 
anhydrous ether; (2) most of the color should have been removed during 
the purification of the barium salt, and a concentrated ethereal solution of 
the finally purified cadmium salt should appear completely colorless; and 
(3) in preparing the final absolute alcoholic solution of the sodium salt, not 
more than traces of alcohol-insoluble material should be found. When the 
concentration of this final solution is calculated from the P content, assum- 
ing 4.18 per cent of P in sodium cardiolipin, the N content of the total 
solids so calculated must not be greater than 0.05 per cent and the iodine 
number should be 115 or higher; usually it is within the range 118 to 122. 
The value 4.18 per cent P is an average of analyses on eight different prepar- 
ations on which careful dry weight determinations were made. The 
concentration of solutions of purified lecithin may be similarly calculated, 
assuming that P = 3.95 per cent. 

A number of different preparations of cardiolipin and lecithin prepared 
and standardized by these methods have been employed in serologic tests 
by both flocculation (3) and complement fixation (4) procedures, and in no 
ease has evidence of qualitative or quantitative differences among the 
various lots been detected. ‘The residual NaCl does not appear to affect 
the serologic tests, and no attempt has been made to remove it in routine 
preparations. 

It may be pointed out that other applications will probably be found for 
the extremely simple method given for the interconversion of phospholipid 
salts. Other salts, such as the potassium salt, could presumably be pre- 
pared in the same way as the sodium salt here described. The secondary 
fractions obtained in the preparation of cardiolipin are readily freed from 
barium or cadmium by the reaction with NaCl; one can expect therefore 
that the method would be generally applicable in the study of salts of 
acidic phospholipids, such as phosphatidyl serine. The specific conditions 
described, i.c., three extractions with NaC! in the presence of alcohol, apply 
to solutions containing approximately 3 gm. or less of the barium or cad- 
Mium salt in 100 ml. of ether; in working with more concentrated solutions, 
it might be necessary to extract with more than three portions of NaC! 
in order to carry the reaction to completion. 
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SUMMARY 


A simplified procedure for the preparation of cardiolipin is described, 


The purification of lecithin and the standardization of pure phospholipid 
solutions for the preparation of antigens are discussed. 


A method is given for the interconversion of various salts of acidie 


phospholipids. 
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A METHOD FOR THE DETERMINATION OF DESOXYRIBONU- 
CLEIC ACID, RIBONUCLEIC ACID, AND PHOSPHOPROTEINS 
IN ANIMAL TISSUES* 


By GERHARD SCHMIDT ano 8. J. THANNHAUSER 


(From the Boston Dispensary, the Joseph H. Pratt Diagnostic Hospital, and 
Tufts College Medical School, Boston) 


(Received for publication, August 8, 1945) 


The methods used at present for the determination of the higher nucleic 
acids in organs are based on certain color reactions of their carbohydrate 
components. The quantitative evaluation of these color tests gives satis- 
factory results with the free carbohydrates and with the purine nucleosides 
and nucleotides. ‘The application of the color tests to the higher nucleic 
acids, however, encounters some serious difficulties which arise mainly from 
the resistance of the pyrimidine nucleotides against hydrolyzing agents,' 
from the instability of desoxyribose, and from the necessity of separating 
the nucleic acid from the proteins. An extensive discussion of these prob- 
lems has recently been given by Davidson and Waymouth (3). It oc- 
curred to us that these difficulties might be avoided if the quantitative 
estimations of desoxyribonucleic acid and of ribonucleic acid could be based 
on phosphorus determinations rather than on color tests of their carbohy- 
drate components. The prerequisite for such a method would be the 
possibility of separating quantitatively the phosphorus fraction of ribo- 
nucleic acid from that of desoxyribonucleic acid. The separation of both 
P fractions can be achieved by the selective destruction of ribonucleic acid 
under the influence of a mild treatment with alkali. Steudel and Peiser (4) 


* This study was aided by grants from the Rockefeller Foundation, the Godfrey 
H. Hyams Trust Fund, the Bingham Associates Fund, and the Charlton Fund. 

‘Cori and Cori (1) reported recently that the color produced by yeast nucleic acid 
in Mejbaum’s (2) test corresponded only to 40 per cent of the amount of ribose as cal- 
tulated on the basis of the tetranucleotide formula. In order to avoid this difficulty, 
Davidson and Waymouth (3) suggested the use of ribonucleic acid instead of ribose 
or certain ribose mononucleotides as a standard substance for the colorimetric esti- 
mation of ribonucleic acid in tissues. This is not advisable for theoretical and prac- 
tical reasons. It is very probable that the proportions of purine and pyrimidine 
nucleotides are different in ribonucleic acids of different biological materials. Fur- 
thermore, the only ribonucleic acid which is easily accessible is yeast nucleic acid in 
the form of its commercial preparations. In our experience, different batches of 
tommercial yeast nucleic acid are not identical in regard to the mutual proportions 
of their component nucleotides. Even the purification of commercial yeast nucleic 
sid by repeated precipitations with glacial acetic acid does not lead to preparations 
reliable composition. 
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reported the important observation that ribonucleic acid is quantitatively 
split into acid-soluble nucleotides when it is incubated for 24 hours at room 
temperature in an approximately 3 per cent solution of sodium hydroxide, 
Under these conditions, desoxyribonucleic acid retains its property of being 
insoluble in mineral acids. 

Phosphoproteins differ from both nucleic acids in their behavior towards 
alkali inasmuch as their phosphorus groups are quantitatively liberated as 
inorganic phosphate during the incubation with alkali under the conditions 
just described. Thus, when a mixture of desoxyribonucleic acid, ribonu- 
cleic acid, and phosphoproteins is treated with dilute alkali and subse- 
quently precipitated with a strong acid, the total P in the precipitate repre- 
sents that of the desoxyribonucleic acid, the organic P in the filtrate that of 
the ribonucleic acid, and the inorganic P in the filtrate that of the phos- 
phoproteins. 


EXPERIMENTAL 


Procedure for Determination of Desoxyribonuctere Acid, Ribonucleic Acid, 
and Phosphoproteins 


Removal of Acid-Soluble and Lipid P—-The finely minced organ (0.5 to 
5 gm.) is weighed analytically and suspended in approximately 20 volumes 
of ice-cold 7 per cent trichloroacetic acid. ‘The suspension is stirred me- 
chanically for 20 minutes and filtered on a relatively large Biichner funnel 
over a thin layer of Hyflo filter aid. The filtration proceeds rapidly if a 
sufficiently large Biichner funnel is used. The filter aid not only expedites 
the filtration, but in addition greatly facilitates the removal of the ex- 
tracted material from the filter paper. (The centrifugation of tissue sus- 
pensions in trichloroacetic acid is not advisable because the particles do not 
pack well and have a tendency to float.) The residue is generously washed 
with an ice-cold, 1 per cent solution of trichloroacetic acid until the filtrate 
is free of inorganic phosphate. The washings are continued with water 
until the filtrate is only weakly acid towards litmus, and finally with 
alcohol and ether. 

The residue is suspended in 30 to 40 volumes (of the wet tissue) of a mix- 
ture of 75 volumes of alcohol and 25 volumes of ether and boiled for a few 
minutes. After filtration and washing with ether, the dry residue is finely 
ground in a mortar and refluxed for 30 minutes with 30 to 40 volumes of a 
boiling mixture of equal volumes of methanol and chloroform. The residue 
is filtered on a Biichner funnel and generously washed with ether. Finally, 
it is dried in an evacuated desiccator. 

Treatment of Extracted Tissue Powder with Alkali and Determination of 
P Fractions—The powder is quantitatively transferred to a test-tube. 
After addition of an exactly measured amount of N potassium hydroxide 
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(10 ce. per gm. of fresh tissue), the tube is closed with a rubber stopper and 
the mixture is incubated for at least 15 hours at 37°. Under these condi- 
tions, the tissues (except bone) are completely dissolved. After the 
incubation, the filter aid is centrifuged off and the total P is determined in a 
witable aliquot (1 to 2 cc.) of the solution according to the method of Fiske 
and Subbarow (5). 

For the determinations of the acid-soluble and inorganic P, another ali- 
quot (5 cc.) is pipetted into a test-tube and precipitated by addition of 0.2 
volume (of the aliquot) of 6 N hydrochloric acid and 1 volume (of the ali- 
quot) of 5 per cent trichloroacetic acid. The precipitate contains the total 
amount of the desoxyribonucleic acid, while the phosphorus-containing 
hydrolysis products of the ribonucleic acid and the phosphoproteins remain 
quantitatively in the filtrate. (a) An aliquot of the filtrate serves for the 
determination of the total P according to Fiske and Subbarow (5). (6) 
In a second aliquot, the inorganic phosphate is precipitated according to 
Delory (6). The washed Delory precipitate is dissolved in trichloroacetic 
aid. The solution is centrifuged if necessary, and the inorganic phosphate 
is determined according to Fiske and Subbarow (5). (The preliminary 
solation of the inorganic phosphate according to Delory is necessary in 
order to remove protein breakdown products which would interfere with 
the direct determination of the phosphate according to Fiske and Sub- 
barow. ) 

Calculation —The difference between the total phosphorus of the alkaline 
hydrolysate (7) and the total phosphorus of the acid supernatant (72) 
represents the phosphorus of desoxyribonucleic acid ; the difference between 
Tf, and the inorganic phosphorus represents the phosphorus of ribonucleic 
wid; the inorganic phosphorus represents the phosphorus of the phospho- 
proteins. 

The total volume of the alkaline solution can be calculated from the 
tolume of the N potassium hydroxide solution by applying a correction for 
the increment caused by the dissolved tissue powder. It was found experi- 
mentally that this increment amounts to 0.2 ce. for 1 gm. of fresh liver 
tmue.? If 10 cc. of N potassium hydroxide solution are used for the 
digestion of | gm. of wet tissue, the error caused by this change of the total 
folume is so small that it is sufficiently accurate to add the correction, 4 
toume = 0.2 cc. per gm. of the fresh tissue, to the volume of the potassium 
hydroxide solution. In special cases (skin, fat tissue) it will be necessary to 


*The empirical correction is somewhat larger than the theoretical increment as 
aleulated from the amount of the tissue proteins and the average density of proteins 
Msolutions (1.33). This is due to the fact that the lipid extraction and the drying of 
the tissue powder at room temperature do not lead to the complete removal of the 
Water. 
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determine the weight of the extracted tissue in order to calculate the 
correction. 

In order to obtain the amount of nucleic acid, the P figures are multiplied 
by 10.1 for desoxyribonucleic acid and by 10.6 for ribonucleic acid. It will 
be preferable, however, to express the results as mg. of nucleic acid P, singe 
it is not certain whether the proportions of the nucleotides in ribonucleic 
acids of different origin are identical. In addition, it is not possible to give 
a general conversion factor for the calculation of the amounts of phospho- 
proteins from the amounts of the phosphoprotein P. 

Control Experiments—As a recovery experiment, a mixture of known 
amounts of desoxyribonucleic acid (prepared according to Hammaprsten 
(7)), yeast nucleic acid, and casein was added to a suspension of minced rat 
liver. The suspension was analyzed according to the procedure just de- 
scribed. A second sample of the same liver suspension was analyzed with- 
out the addition of the mixture. The differences between the correspond- 


TaBLe I 


Recovery of Known Amounts of Desoryribonucleic Acid, Ribonucleic Acid, and 
Casein Which Had Been Added to Liver Powder 


The results are measured in mg. of P. 


Desoxyribo. | Ribonucleic | Phosphopro- 

A, 300 mg. liver powder without addition...| 0.196 1.31 | 0.003 
B, 300 “* si ‘* with added mixture. 0.490 1.66 | 0.141 
eae 0.29 0.35 | 0.14 


ing figures in both samples agreed satisfactorily with the amounts of the 
three compounds added to the liver suspension. See Table I. 

If the soluble organic phosphorus after the alkali treatment represents 
ribonucleic acid, the trichloroacetic acid filtrate must contain ribose and 
purine bases (either bound or free). In several experiments ribose and total 
purine determinations were carried out on aliquots of the trichloroacetic 
acid filtrates. The ribose determinations were carried out according to 
Mejbaum’s (2) modification of Bial’s test. For the purine determinations, 
the aliquots of the acid filtrate were refluxed for 2 hours in the presence of 2 
per cent sulfuric acid. The purine bases were precipitated from the hot 
filtrate by a hot solution of silver sulfate, and the nitrogen of the washed 
precipitate was determined according to Kjeldahl. Without exception the 
amounts of purines and of pentose corresponded to approximately one-half 
of those equivalent to the corresponding values of the organic phosphorus. 
The amounts of purines found are in agreement with those calculated on the 
basis of the tetranucleotide formula of yeast nucleic acid. The yield of 
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pentose amounting to approximately 50 per cent of the total present in 
ribonucleic acid is explained by the fact that the pyrimidine nucleotides 
yield only negligible amounts of furfural in Bial’s test. We found that the 
elor obtained with 50 y of pure cytidylic acid (8) in Mejbaum’s test corre- 
sponded only to 1 per cent of the amount of ribose actually present in the 
nucleotide. 

Distribution of Desoxyribonucleic Acid, Ribonucleic Acid, and Phosphopro- 
tins in Some Animal Tissues—Table II contains representative figures for 
the distribution of the three P fractions in some animal tissues. The tissues 
were minced and fixed in trichloroacetic acid as soon as possible after the 
death of the animal, but no special precautions were taken to stop the 
action of the cellular enzymes immediately after the organs were collected. 
for this reason some of the figures recorded in Table II might be somewhat 


Il 
Amounts of Desoryribonucleic Acid, Ribonucleic Acid, and Phosphoproteins in 
Some Organs 

The results are expressed in mg. of P per 100 gm. of fresh tissue. 

Organ Desoxyribonucleic | Ribonucleic acid | Phosphoprotein 

engin gins 145 37 Negligible 
Pancreas (beef) 6.5 100 o 
Liver (rat) 26.0 87.3 “ 

“ 22.5 102 
Brain ‘‘ 15.1 32.6 
Kidney “ | 33.5 47.0 “ 

Beg yolk 0 11.0 116 


lbwer than the actual amounts of the nucleic acids or phosphoproteins pres- 
@t in the intact tissues. This applies especially to the results obtained 
with pancreas, due to the high nuclease content of the organ. 

Table II includes analyses of thymus, pancreas, and egg yolk. The nu- 
teie acids and phosphoproteins in these organs have been thoroughly 
tudied during the earlier period of the biochemistry of the nucleic acids 
0,10). According to these investigations, desoxyribonucleic acid is abun- 
dant in the thymus gland and ribonucleic acid in the pancreas, while egg 
yok contains a large amount of phosphoproteins but only very small 
mounts of nucleic acids. It can be seen that the results presented in 
Table II are in agreement with the conclusions reached by the earlier in- 
Westigators on the basis of the preparative isolation of the compounds. 

It is interesting to note that the amounts of ribonucleic acid in rat liver 
lrexceed those of desoxyribonucleic acid. Davidson and Waymouth (3) 


= 
ty 
“Bs 
= 
& 
¥ 
2 
4 
‘ 
. 


88 DETERMINATION OF NUCLEIC ACIDS 


recently reported similar results in an investigation which came to our at. 
tention after the completion of our own experiments. The analytical 
methods used by these authors were entirely different from our procedure. 


DISCUSSION 


The method presented in this paper is exclusively based on phosphorus 
determinations. This offers considerable advantage in comparison with 
procedures in which other components of the nucleic acids, such as the 
purines or the carbohydrates, are used for the quantitative analysis. The 
determination of phosphate is more reliable than that of the organic compo- 
nents of the nucleic acids. Furthermore, the necessity of extracting the 
nucleic acids from the tissue is eliminated. 

On the other side, it must be considered that the phosphorus is less spe- 
cific as a constituent of the nucleic acids than the purines or the carbohy- 
drates. The interpretation of our figures as nucleic acid or phosphoprotein 
phosphorus rests on the assumption that nucleic acids and phosphoproteins 
are the only phosphorus-containing substances present in animal tissues 
after the extraction of the phospholipids and the acid-soluble phosphorus 
compounds. This assumption has recently been questioned by Davidson 
and Waymouth (3), who compared in a series of experiments the amounts 
of total nucleic acid as caleulated from total P determinations with those 
obtained from total purine determinations in tissues after the removal of 
phospholipids and acid-soluble P compounds. They claimed that in many 
tissues the nucleic acid values as calculated from the total purine deter- 
minations are somewhat lower than those calculated from total P determi- 
nations after the extraction of the lipid and acid-soluble P. In lung and 
brain the discrepancies were considerable. 

It appears, however, that the technique used by Davidson and Way- 
mouth (11) for the total purine determinations involves considerable loss of 
purines due to acid hydrolysis of the nucleic acid. The purine figures ob- 
tained with this technique are therefore not suitable for the calculation of 
the nucleic acid content of the tissues. In the experiments of these authors, 
the tissue powder was subjected for 6 hours to an extraction with 0.1% 
hydrochloric acid in a shaker at room temperature prior to the purine 
determinations. The acid was changed six times. This treatment B 
sufficient to cause a considerable loss of purines by hydrolysis of the sensi- 
tive linkage between the purines and carbohydrates, especially in thymonu 
cleic acid. We investigated this possibility by treating pure thymonucleate 

3 The liberation of the purines under these conditions is not accompanied by the 


formation of acid-soluble P compounds. The P-containing breakdown products are 
compounds belonging to the group of thymic acids which are insoluble in dilute 


mineral acids. 
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rsten) according to the directions of Davidson and Waymouth 
(11) and found that the N:P ratio of the nucleic acid had decreased from 
170 to 1.45 in the course of the treatment. This means a loss of 14.7 per 
ent of the total N or 22.1 per cent of the purine N. It should be empha- 
deed that the necessary acid extraction of the tissues prior to the nucleic 
sid determinations should be completed as quickly as possible and with 
yecold solutions. This can be achieved only if the acid extraction is 
arried out on the fresh tissue. Therefore, the acid extraction must precede 
the extraction with lipid solvents. If this order is reversed, the complete 
atraction of the acid-soluble P compounds requires much more time and 
ads to sizable losses of nucleic acids due to hydrolysis. 


SUMMARY 


1. A method for the quantitative determination of desoxyribonucleic 
wid, ribonucleic acid, and phosphoproteins in animal tissues has been 
pesented. The method is based on the different behavior of these com- 
pounds during « mild treatment with alkali. 

2. The amounts of desoxyribonucleie acid, ribonucleic acid, and phos- 
ghoproteins in some animal tissues have been reported. 
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CONJUGATED FORMS OF MYELOKENTRIC AND 
LYMPHOKENTRIC ACIDS* 


By D. L. TURNER anp F. R. MILLER 


(From the Charlotte Drake Cardeza Foundation, Jefferson Medical College, 
Philadelphia) 


(Received for publication, July 16, 1945) 


The names in the title of this article are proposed for the two factors 
found in the urine of patients with leucemia, (1, 2) and subsequently in 
beef liver (3); these factors have the property of stimulating the prolifera- 
tion of blood cells. The names are formed from a Greek root previously 
used by Coffin and van Dyke (4) for hormones of the pituitary. 

Myelokentric acid, which occurs in the urine of patients with myeloid 
leucemia, has been shown to be a keto acid, and lymphokentric acid, which 
occurs in the urine of patients with lymphoid leucemia, has been shown to 
be a hydroxy acid, obtainable from myelokentric acid by reduction; 
lymphokentric acid can be oxidized to myelokentric acid. These acids are 
soluble in fat solvents, but not in water. Biological effects similar to those 
produced by myelokentric and lymphokentric acid have been obtained 
with water-soluble fractions prepared from acidified urine by adsorption 
on kaolin (5, 6) and benzoic acid (7, 8). 

The present work was undertaken to determine whether myelokentric 
acid occurred in urine as the prosthetic group of a water-soluble conjugate, 
or whether the water-soluble substance and the fat-soluble myelokentric 
acid were totally different substances producing the same biological effects. 
For this purpose, we have used the crude adsorbate of Heinle et al. (7, 8), 
containing the water-soluble active material from the urine of patients with 
myeloid leucemia. Benzoic acid was used as the adsorbent in this pro- 
cedure. The product was thoroughly extracted with acetone; this should 
remove any free myelokentric acid. To be sure of this, we have also 
extracted the adsorbate with ether. The material was then hydrolyzed 
by heating with acid or alkali, and the hydrolysis product was extracted 
with ether. If myelokentric acid has been released from a conjugate by 
hydrolysis, the acid fraction of the final ether extract should show biological 
activity. 

In addition, we have purified the water-soluble material by a method 
which effects a 20-fold concentration, and then hydrolyzed the purified 
substance. 


* We are grateful for the technical assistance of Nancy E. Herb. 
gl 
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EXPERIMENTAL 


Technique of Animal Testing The aqueous solutions were given in equal 
doses daily to male guinea pigs weighing 550 + 80 gm. The animals wer 
killed 1 to 3 days after the last dose; sections were taken and examined as 
described previously (2). 

Normal butyl succinate’ was found to be an excellent solvent for the oily 
fractions from the ether extracts. The material was given in this solvent, 
0.5 ce. being used for each animal. To make sure that the use of this 
solvent does not change the biological effects observed in the animals, 
various active and inactive fractions from our previous work (1, 3) have 
been tested again with this solvent; the results of the new tests have agreed 
with the old. The life of the animals was 3 to 4 weeks in the experimen 
with oily solutions. 

The histological changes observed in the animals described in this paper 
have been the same as those described previously (2). 

Preparation of Solution of Conjugated Material—The method of Katzman 
and Doisy (9) was used as modified by Gurin, Bachman, and Wilson (10), 
except that the procedure was conducted at room temperature and the 
urine was not filtered after acidification. This method involves treatment 
of acidified urine with the adsorbent, benzoic acid, and removal of the 
benzoic acid from the adsorbate by washing with acetone. The dry 
product, corresponding to Product A of Gurin ef al. (10), was stored in the 
refrigerator. From 200 liters*of urine from patients with myeloid leucemia, 
55 gm. of this product were obtained. This material, A, was injected into 
guinea pigs in the form of an aqueous solution prepared by suspending 
the dry product in water, adjusting to pH 7.0? with x sodium hydroxide 
solution, and centrifuging. The supernatant solution is designated 
Product A-1 in Table I. 

Alternatively, Product A was extracted three times with 5 times its 
weight of absolute ether at room temperature. The extract was tested on 
guinea pigs; it was negative, except in high doses (25 liters). The residue 
from this was given to guinea pigs in the form of a solution brought te 
pH 7 with 0.5 m phosphate buffer of pH 7.9 after purification by the borate 
extraction and acetone precipitation method of Hirschmann, Heinle, and 
Wearn (8). This is designated Product A-3 in Table I. 

Purification of Conjugated Myelokentric Acid by Extraction with Alcohol— 
Product A was mixed at room temperature with 10 times its weight of 
50 per cent ethanol.? The resulting sludge was brought to pH 6.0 by the 


1 The use of this solvent was suggested by the late Dr. W. Osler Abbott. 

? The pH measurements were made throughout with a Beckman meter. 

’The term “per cent” is used in our papers in the sense of gm. per 100 gm. of 
solution. 
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ise addition of a solution made by diluting 8.0 cc. of concentrated 
ammonium hydroxide to 100 cc. with 50 per cent ethanol. The mixture 
was allowed to stand for several hours at 10° in a refrigerator; it was then 
centrifuged. The extraction process was repeated four times in the same 


[ 
Tests with Water-Soluble Products 
Two guinea pigs were used for each test, except as noted in the last column. 


| Dose of 
material 
Product Dose of urine in Duration Result* 
a ueous 
solution 
liters ce. days 
Conjugated myelo- A-l | 5 15 21 ++ M. 
kentric acid | 
A-3 0.5 + M. 
(4 guinea pigs) 
3.6 | 9 + M. 
3 9.41 9 t+ 
5 2.0 9 ++ 
B-1 4 10 21 
B-2 3.5 7 25 + to 
++ M. 
(4 guinea pigs) 
Conjugated A-l 2.3 7.5 | 16 + to 
lymphokentric ++ L. 
acid B-1 2,4 2.2 | 11, 21 ++ “ 
Material from A-l 2 12 25 ++ H. 
Hodgkin's disease B-1 4 8 29 ++ to 
+++ H. 
Material from B-1 2.5 14 30 +++ “ 
monoc y tic 
leucemia 
Mixture of material A-1l, mixed 7 Myeloid 13 21 ++ Hf. 
from myeloid and - 7 Lymphoid 
lymphoid leu- | 
cemia | | 


* The significance of the + signs, and of the letters M., L., and H., is the same as 
has been described previously (1-3). M. designates infiltration in the organs of the 
animals of the myeloid type, L. indicates infiltration of the lymphoid type, and H. is 
used to designate a peculiar type of response differing from either, and having a 
superficial resemblance to lesions found in Hodgkin’s disease. 


manner with the residue, with 50 per cent ethanol and adjusted to pH 6.0 
only if the extract was more acid than this. The combined alcoholic 
extracts were precipitated by the addition of 2 volumes of commercial 
absolute ethanol. The mixture was allowed to stand overnight in the 
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refrigerator and was then centrifuged, giving a precipitate designated 
Product B-1. 

Another product, B-2, was obtained by adjusting the alcoholic solution 
to pH 4.5 by the addition of a solution from 2 gm. of acetic acid made up 
to 100 cc. with 50 per cent ethanol, and then precipitating with 2 volumes 
of ethanol. From 30 liters of the urine of patients with myeloid leucemia, 
360 mg. of precipitate were obtained. 

A product, B-3, was made by substituting 1.25 volumes of acetone for 
the 2 volumes of ethanol used in making Product B-2. The extraction of 
Product A-3 with 50 per cent ethanol and precipitation at pH 4.3 with 
acetone was also carried out. This gave Product B-4. 


Il 
Hydrolysis of Ethanolic Mother Liquor from Purification 
Method 1; two guinea pigs for each test. 


‘Material hydro- | 
Source of material Sky ae Dose of urine Result* 
from product 
liters 
Myeloid leucemia....... B-1 12 Negativet 
++ 
Monocytic 2.5 | 
| 


* See the foot-note to Table I. 

t These animals are designated negative although they showed slight myeloid 
infiltrations in one organ (spleen). All the positive animals had infiltration in the 
liver, and at least two other organs. 


Efficiency of Purification—The discarded fractions from the purification 
procedure could be tested only with difficulty. 

The residue insoluble in 50 per cent alcohol at pH 6.0 was suspended in 
water and the mixture was adjusted to pH 7.0 with Nn sodium hydroxide 
solution; this was centrifuged. The supernatant solution gave a + 
myeloid response in guinea pigs in doses corresponding to 15 liters of urine 
and was negative in lower doses. 

The alcoholic mother liquor from the precipitation of Products B-1 and 
B-2 and the acetone-alcohol mixture from Product B-3 could not be tested 
as conjugated myelokentric acid. These products were hydrolyzed on the 
steam bath after the addition of sufficient hydrochloric acid to make the 
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slution 2 N in acid. After heating for 3 hours, the mixture was cooled, 
diluted with water, and extracted with ether. Material from the ether 
glution was given to guinea pigs. The results are shown in Table IT. 


Hydrolysis Procedure 
1. Acid Hydrolysis—The various products described above were sus- 
pended in water and made 2 ~ in hydrochloric acid. The resulting solution 
was heated on the steam bath for 3 hours. The mixture was cooled and 
extracted with ether. The ether was washed with distilled water until the 


Tas_e 
Hydrolysis of Water-Soluble Products 
Two guinea pigs were used for cach test. 


| liters 
Conjugated myelokentric A 8 ++ M. 
acid 
| AS | 2 Acid fraction | 2,5] + “ 
| 15 ++ “ 
2 Neutral 20 Negative 
fraction 
| B-l | 1 8 + M. 
| B4 | 3 8 
4 8 + “*,++ M. 
Conjugated lymphokentric | . 2 Acid fraction 4.5 + L., ++ L. 
acid | a 2 Neutral 4.5 | Negative 
| fraction 
l 10 ++ 
Bx 3 10 ++ , +++ L. 
Material from Hodgkin's | A | 1 | 2 | +4+H. 
disease | 
1 | 4 


*See the foot-note to Table I. 


washings were no longer acid to Congo red paper, dried over sodium 
sulfate, and distilled. The residue from the ether was given to guinea pigs. 

2. Fractionation of Hydrolysis Product—The ethereal extract from 
Method 1 was separated into acidic and neutral material by extracting the 
ether with 5 per cent sodium carbonate solution. The alkaline layer was 
teidified and extracted with ether; this contained the acid fraction. 

8. Alkaline Hydrolysis—The adsorbates and other Products A and B 
were heated in 100 cc. of 2 per cent potassium hydroxide for 4 hour on 
thesteam bath. The solution was cooled, acidified to Congo red paper, and 
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extracted with ether. The ethereal solution was washed, dried, and 
distilled. 

4. Vigorous Acid Hydrolysis—In one experiment, Product B-4 from 2% 
liters of urine was taken up in 10 cc. of water. After the addition of 
47 ec. of 2 N sulfuric acid, the mixture was autoclaved for | hour at 122° 
and 16 pounds pressure. After cooling, it was extracted with ether. The 
ethereal solution was washed thoroughly with water, dried, and distilled, 
giving 70 mg. of residue. 

The products from the ether extracts of the various hydrolysis mixtures 
were not soluble in water. The doses shown in Tables II and III wer 
30 to 100 mg. The material was diluted with normal buty! succinate to 
0.5 ec. for each animal. Each dose had a volume of 0.1 ce. 

Resulis with Urine from Patients with Chronic Lymphoid Leucemia and 
Other Diseases—The method described for the purification and hydrolysis 
of the conjugated myelokentric acid was extended without change to 
material from the urine of patients with chronic lymphoid leucemia and 
Hodgkin’s disease. The urine of one patient with monocytic leucemia was 
also used. The various preparations are shown in Tables I to ITI. 

The residue from the extraction with 50 per cent ethanol was not active 
except in high doses, but the alcoholic solution from the precipitation 
showed activity (Table II). The hydrolysis of Product A- from urine in 
lymphoid leucemia by Method 1 was incomplete. In one experiment, 
active material was recovered from the aqueous hydrolysis mixture after 
extraction with ether by adsorbing on benzoic acid (dose, 4.5 liters of urine). 
The conjugated material was thus not destroyed by heating with acid, but 
only partially hydrolyzed. 


DISCUSSION 


The purification method for the water-soluble materials, described above, 
is adapted from a procedure used by Gurin et al. (10) for the purification of 
gonadotropic hormone. Extraction with 50 per cent ethanol effects an 
enormous purification, since nearly all the crude adsorbate remains in the 
residue. Thus, 200 liters of urine gave 55 gm. of Product A, and only 
2 gm. of Product B-2. 

After the hydrolysis of the water-soluble material with acid or alkali, 
activity was recovered in the acid fraction of the ether-soluble hydrolysis 
products, suggesting that myelokentric and lymphokentric acids were 
responsible for the biological effect of the water-soluble materials, in whieh 
they must exist as prosthetic groups. However, there was a diminution 
in activity after hydrolysis; this may be caused by the presence of addi- 
tional water-soluble active substances, or merely by a poor yield in the 
hydrolysis of the conjugates, A poor yield in the hydrolysis of conjugated 
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products like pregnanediol glucuronide has been reported frequently (11). 
It is probable that the conjugated myelokentric acid is a more complex 
material, since it does not dialyze (8). However, the work reported here 
does not eliminate the possibilitythat other active water-soluble substances 
are present as well as conjugated myelokentric acid. 

The production of lesions of the ‘“‘Hodgkin’s type’? with mixtures of 
myelokentric and lymphokentrie acids (1, 2) has been duplicated with the 
water-soluble materials. This confirms the results with the extracts of the 
urine of patients with lymphoid leucemia in indicating the existence of a 
conjugated Iymphokentric acid. Our purification methods, like those of 
Heinle ef al., were worked out with myelokentric acid and were then 
extended without change to lymphokentric acid. It is not surprising that 
lymphokentric acid has been found in rejected fractions, for example the 
alcoholic solution from the purified conjugate. Additional work is neces- 
sary with the object of finding a purification method adapted solely to 
the concentration of lymphokentric acid, free and conjugated. 


SUMMARY 


1. Myelokentric and lymphokentric acids, which cause the proliferation 
a cells of the leucopoietic system, occur in urine as the prosthetic groups 
of water-soluble conjugates. 

2. The water-soluble conjugates have been partially purified and 


hydrolyzed. 
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A CONVENIENT MICROTITRATION METHOD FOR THE 
ESTIMATION OF AMINO ACIDS* 


Br ALBERT E. SOBEL, ALBERT HIRSCHMAN, ann LOTTIE BESMAN 


(From the Division of Biochemistry and the Pediairic Research Laboratory, 
The Jewish Hospital of Brooklyn, New York) 


(Received for publication, July 2, 1945) 


This paper presents a convenient micromethod for the estimation of 
amino acids, based on the reaction with ninhydrin. The ammonia formed 
in this reaction is determined, after elimination of the interference from 
ninhydrin with superoxol, by addition of saturated potassium hydroxide, 
seration, and titration with standard acid. 

The application of the reaction with ninhydrin is one of the most specific 
methods for the estimation of amino acids, as the presence of an amino 
group in the @ position to a carboxyl group is required. Van Slyke and his 
coworkers have studied this reaction for the determination of amino acids. 
They pointed out that with most amino acids carbon dioxide, ammonia, 
and aldehydes, among other products, are evolved, proline and hydroxy- 
proline being exceptions. Thus, it should be possible to estimate amino 
acids by measurement of the carbon dioxide, ammonia, or aldehydes. They 
have developed the method by measurement of the carbon dioxide evolved, 
dither manometrically or titrimetrically, the manometric method being 
preferred (14). MacFadyen (5) published a method based on the ninhydrin 
raction, in which the ammonia formed is measured manometrically or 
titrimetrically. He stated that special precautions must be taken in order 
to obtain quantitative results, and, even so, low values are obtained with 
tertain amino acids. The ammonia, if allowed to react with the ninhydrin 
tbove pH 4.0, forms a stable blue complex and cannot be quantitatively 
meovered. MacFadyen prevented this by carrying out the reaction at 
pH 2.5 or lower, and then, before adding alkali, removed the ninhydrin 
by precipitation with hydrogen sulfide as hydrindantin. Quantitative 
msults were not obtained with some amino acids, notably glycine, alanine, 
tryptophane, proline, and hydroxyproline, indicating that the ammonia 
may also be bound by certain breakdown products of some amino acids 
| besides ninhydrin itself. 

We had been working on this problem apparently simultaneously with 
MacFadyen. Similar difficulties were experienced, but the method of 
wiving them is quite different. The entire determination is carried out in 
me vessel, and there are no quantitative transfers except for the aeration. 

*Presented before the meeting of the American Society of Biological Chemists 
leld in absentia, 1945 (Federation Proc., 4, 92 (1945)). 
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The amino acids are allowed to react with ninhydrin at pH 2.5 in a miero 
aeration tube, and then the excess ninhydrin is destroyed by heating the 
solution after the addition of a few drops of 30 per cent hydrogen peroxide, 
The tubes are set up for aeration, and saturated KOH is added. The aera- 
tion and titration of ammonia are performed as described by Sobel, Mayer, 
and Gottfried (6) except that the period of aeration is 40 minutes. By this 
method, quantitative results were obtained on most of the eighteen amino 
acids tested. 

Reagents-—- 

Caprylic alcohol, saturated with thymol. 

Ninhydrin. 

Buffer solution. A 10 per cent solution of solid citrate buffer of pH 25, 
made by mixing 2.06 gm. of trisodium citrate and 19.15 gm. of citric acid 
(1). 

Hydrogen peroxide, 30 per cent, Merck’s superoxol. 

Saturated KOH. To a cylinder containing water covered with a thick 
layer of mineral oil, KOH is added until the solution is saturated. It is 
allowed to stand for a few days, and the clear solution is carefully aspirated 
into a Pyrex bottle or flask containing a layer of mineral oil about 1 ineh 
thick to offer protection from atmospheric CO». 

Indicator. 10 parts of 0.1 per cent bromocresol green and | to 2 parts 
of 0.1 per cent methyl red in 95 per cent alcohol. 

2 per cent boric acid with indicator. 20 gm. of boric acid are diluted 
to a liter with distilled water, and 20 ml. of indicator solution are added. 

Standard 0.0714 ~ hydrochloric or sulfuric acid. 

A pparatus— 

Micro aeration apparatus and capillary micro burette as described by 
Sobel, Mayer, and Gottfried (6). 

Calibrated glass spoon to deliver 50 mg. of ninhydrin, made as shown @ 
Fig. 4 of Van Slyke and Folch (7). 


Procedure 


1 ml. of solution containing 20 to 100 y of carboxy] nitrogen is transferred 
to an aeration tube, and 0.3 ml. of buffer and 50 mg. of ninhydrin ar 
added. The final pH should be about 2.4 to 2.6. The solutions are mixed 
and the tubes are put in a boiling water bath for 10 minutes. At the end 
of 2 minutes heating, they are withdrawn momentarily and shaken 
dissolve and distribute the ninhydrin evenly. At the end of 10 minutes, 
3 drops of 30 per cent hydrogen peroxide are added, and the tubes are 
shaken and then placed in the boiling water bath for an additional 3 
minutes. The tubes are then set up for aeration, as described in the paper 
of Sobel, Mayer, and Gottfried (6). 1 ml. of saturated potassium hydroxide 
is added to each tube, and the solutions are aerated for 40 minutes. The 
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ammonia is trapped in 1.5 ml. of the 2 per cent boric acid-indicator mixture, 
and is titrated with 0.0714 ~ hydrochloric acid with a capillary micro 
burette. 


MI. acid X 1000 = micrograms amino acid nitrogen 
DISCUSSION 


Reaction with Ninhydrin —A reaction time of 10 instead of 7 minutes 
is given, as our ninhydrin reaction mixture contains 1.3 rather than 1 ml., 
as described in the Van Slyke procedure (1). 5 minutes heating gave low 
results. It was more convenient for the authors to add the buffer as a 
elution, but the original method of adding solid buffer can be followed. 

Destruction of Ninhydrin-A method of destroying ninhydrin which would 
not necessitate a quantitative transfer was sought. Several ketone reagents 
fie. the hydrazines) were tried without good results. Potassium per- 
manganate gave improved results, but the recovery of ammonia was not 
quite quantitative. Superoxol was then tried, and inasmuch as quantita- 
tive results were obtained, no other compounds were investigated. 

Aeration The strength of the alkali used for the aeration is of paramount 
importance. Saturated potassium carbonate, concentrations of sodium 
hydroxide up to saturated, and concentrations of potassium hydroxide less 
than that ~pecified all gave vields of nitrogen less than quantitative. It is 
important that the saturated potassium hydroxide be protected from carbon 
dioxide; should appreciable amounts of potassium carbonate be formed, 
quantitative results will not be obtained. Apparently, the function of the 
alkali is not merely a simple liberation of ammonia, but may serve to break 
up a complex formed between ammonia and the oxidation products of 
ninhydrin and other materials present. The alkali alone, however, is not 
diective. Without prior treatment with hydrogen peroxide low yields of 
ammonia are obtained. 

The time of aeration recommended by Sobel, Mayer, and Gottfried (6) 
for the micro aeration procedure was increased from 20 to 40 minutes be- 
cause it was noticed that the liberation of ammonia took place at a slower 
rate in the present procedure. 

Interferences —It is suggested that in applying this method in the presence 
d@ compounds rich in amide or imide groups a blank be run containing the 
ample, but without ninhydrin, because under the conditions of the analysis 
samall amount of ammonia might be split off and introduce a positive error. 
None of the nitrogen from the amino acids tested is liberated without the 
treatment with ninhydrin, except for cystine and cysteine. Here the blank 
was 10 to 12 per cent of the ammonia released. 


Resulls 


Quantitative results were obtained with most of the eighteen amino 
aids tested; the results are listed in Table I and compared with those ob- 
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tained by other methods. The average deviation from the mean was 13 
per cent for those results in which the yields were 96 per cent of the theo. 
retical or over (Table I). The average deviation from the mean was 25 
per cent for the other amino acids. The over-all average deviation of the 
mean was 1.6 per cent. Low results were obtained with hydroxyproline, 
tryptophane, cysteine, and cystine. Considering their chemical structure, 
proline and hydroxyproline would not be expected to give quantitative 
results by this method. The reaction of ninhydrin is not quantitative 


I 
Estimation of Individual Amino Acids by Various Methods 
The results are given in atoms of N per mole of amino acids & 100. 


Authors’ Manometric MacFadyen 
Amino acid | method® methal 

. 73.0 95 
Tryptophane........... 50.0 90 34 


* The samples contained 50 y of amino acid nitrogen. 

+ The samples contained 480 to 800 y of amino acid nitrogen (personal communics- 
tion from Dr. D. D. Van Slyke). | 

t The samples contained 1000 to 1500 y of amino acid nitrogen (4). 


with tryptophane at pH 2.5 by the Van Slyke method (1), but our results 
are still lower, although higher than by the MacFadyen method (5). There 
is also a tendency for cystine to give low results when allowed to react with 
ninhydrin at pH 2.5, but here also our results are lower than by the C0, 
method. Methionine gives practically quantitative results, suggesting that 
it is possible that the low results with cystine and cysteine are due to some 
influence of the —SH and —S—S— linkage adjacent to the amino group. 
Increased time of reaction with ninhydrin did not improve the low re 
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gits. Increased time of aeration did not improve the results appreciably, 
but increased the blank for cystine and cysteine to 15 to 16 per cent of the 
ammonia released. 

On the whole, this method gives better results than the MacFadyen 
ammonia method, and in many cases as good as those obtained by the 
gsometric CO, method. It is to be noted that our method was worked 
out on 50 y quantities, whereas the results reported in Table I for the Van 
Slyke CO, method were worked out on at least 10 to 15 times as much car- 
boxy] nitrogen,' and the MacFadyen method on at least 20 times as much, 
dthough the CO, method can be applied to as little as 40 y of carboxyl 
nitrogen. 

It may be mentioned that lysine, a diamino acid, and arginine, with a 
guanidino group, give off only their carboxyl nitrogen as ammonia in this 
raction. In the case of aspartic acid, the gasometric CO, method gives 
double the value, whereas the present method gives the correct value. 

It is our intention to adapt this method to smaller quantities, and then to 
apply it to the estimation of amino acids in blood. It is simple and con- 
venient to perform and suitable for mass analysis. 


We wish to thank Dr. D. F. Robertson of Merck and Company, Inc., 
for samples of some of the amino acids used. 


SUMMARY 


A micromethod for the estimation of amino acids is described, whereby 
the a-amino nitrogen is split off with ninhydrin and determined as ammonia. 
The interference of ninhydrin with the liberation of ammonia is eliminated 
with the use of superoxol and subsequent aeration with concentrated KOH. 
All reactions are carried out in one vessel, from which the ammonia is 
fnally aerated over into boric acid and titrated with standard acid, with 
secapillary micro burette. Quantitative results were obtained with four- 
wen out of eighteen of the amino acids tested. . The method is rapid, and a 
large number of determinations can be carried out simultaneously. 
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THE EFFECT OF PARATHYROID EXTRACT UPON THE 
DISTRIBUTION, RETENTION, AND EXCRETION 
OF LABELED STRONTIUM* 


By WILBUR R. TWEEDY 


(From the Department of Biological Chemistry, Loyola University 
School of Medicine, Chicago) 


(Received for publication, August 8, 1945) 


The purpose of this investigation has been to determine the effect of 
exogenous parathyroid hormone on the distribution, retention, and excre- 
tion of radiostrontium in the normal rat, with the idea that such informa- 
tion should be helpful in arriving at a clearer conception of the mechanism 
of action of parathyroid hormone. Obviously more pertinent information 
should be obtained by studying the effect of parathyroid extract on the 
metabolism of Ca", the radioactive isotope of an element with which the 
physiological activity of parathyroid hormone is intimately associated. 
However, two handicaps restrict the use of Ca® that do not apply to Sr**. 
The yield of Ca® is reported to be low (1), and according to Pecher (2) 
determinations of its activity are extremely time-consuming. 

A close analogy in the metabolism of radioactive calcium and radioactive 
¢rontium has been shown in the tracer studies reported by Pecher (2). 
He found that although the retention of administered radiocalcium is 
higher than that of radiostrontium, the distribution of the two isotopes in 
the different tissues is very similar, the most striking similarity being the 
high uptake by the skeleton. Furthermore, Pecher has shown that intra- 
venously or subcutaneously injected radiostrontium, like radiocalcium, is 
exereted in both the urine and the feces. 

The data reported in this paper indicate that parathyroid extract affects 
the distribution, retention, and excretion of radiostrontium in the normal 
rt by acting on the phosphorus metabolism. 


EXPERIMENTAL 


The young adult rats which were used in these experiments were reared 
ma diet consisting of Purina fox chow, supplemented by greens and beef 
heart once weekly. In the first series of experiments (Table I) the ani- 
mals received the stock diet throughout the experimental periods, but in 
the second series of experiments (Table I1) the animals were denied food 
during the 24 hour experimental period. In most instances the experimen- 


*A preliminary report of this work has been published (Federation Proc., 3, 63 
(1944) ). 
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W. R. TWEEDY 107 
ts] animal and its control were litter mates of the same sex, and approxi 
mately the same weight. 

Each of the first nine experimental animals (Table I) received a subcuta- 
neous injection of 5 ml. (500 Hanson units) of parathyroid extract (Lilly). 
j hour later each experimental animal and its control received an intraperi- 
toneal injection of 0.5 ml. of a solution of 2 mg. of Sr (as SrCl,) containing 
either approximately 3 or 15 microcuries. 

The last ten experimental animals (Table 1) and their controls were also 
treated as described above, but 24 hours before the injections each experi- 


Taste II 
Effect of Phosphate Injections on Retention of Radiostrontium 


All values are expressed as the per cent of administered radiostrontium recovered. 
Erepresents the experimental animal, C the control. 


Rat No.| Weight Treatment 
gm. 

E-20 | 259 | 4subcutaneous injections, hourly, 1 ml. PO, buffer;* 0.112 
immediately after 4th injection, 2 mg. labeled 
Sr intraperitoneally 

C-200 | 242 | 2 mg. labeled Sr intraperitoneally 0.038 

E-21 | 210 | 20 min. before administration of 2 mg. labeled Sr, | 2.39 | 0.035 
5 ml. PO, buffer subcutaneously 

C-21 | 209 | 2 mg. labeled Sr intraperitoneally 2.11 | 0.019 

E-22 323 | 3hrs. before administration of 2mg. labeled Sr,5 | 0.73 | 0.041 
ml. of PO, buffer subcutaneously 

C-22 | 320 | 2 mg. labeled Sr intraperitoneally 0.62 | 0.013 

E-23 | 270 | 4 hrs. after administration of 2 mg. labeled Sr, 2 | 2.51 | 0.310 
ml. of a PO, solutionf subcutaneously 

C-23 | 260 | 2 mg. labeled Sr intraperitoneally 2.17 | 0.029 

E-24 | 307 | 3 hrs. after administration of 2 mg. labeled Sr, 5 | 1.19 | 0.211 
ml. PO, buffer subcutaneously - 

C-24 | 313 | 2 mg. labeled Sr intraperitoneally 0.81 | 0.036 


* Phosphate buffer, pH 6.8, P content 1.25 mg. per ml. 
t Solution of Na,HPO,, P content 3.5 mg. per ml. 


mental animal received a subcutaneous injection of 5 ml. of parathyroid 
extract. At the end of the desired period, measured from the time of 
administration of the labeled Sr, each animal was anesthetized and sacrificed 
by drawing blood as completely as possible. In those instances in which 
sufficient blood was obtained, the determination of serum Ca was made (3), 
in addition to the estimation of radiostrontium. 

The measurement of radioactivity in the tissue samples and excreta from 
the animals which received 15 microcuries was made with a Lauritsen elec- 
Woscope. The preparation of the tissue samples and the collection and 
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preparation of the excreta for the measurement of radioactivity have been 
described in a previous publication (4). 

The measurement of radioactivity in the tissue samples of the animals 
which received 3 microcuries was made with our scale-of-sixteen Geiger- 
Miller counter.' In the preparation of the samples, 1 ml. of an appropri- 
ately diluted acid solution of the ashed sample was transferred to a piece of 
photographic blotting paper (12 K 24 mm.) on a glass plate. After drying 
at low temperature, the paper was fastened to the plate by a layer of seotech 
tape. The sample was then mounted in a fixed position 1.5 mm. below the 
counter tube, and a sufficient number of counts recorded so that the prob- 
able error in the measurement of activity did not exceed 3 per cent. In 
most instances the determination of activity of the experimental sample or 
its control immediately followed the other. During each 4 hour period of 
activity measurements, the counts produced by standard samples, mounted 
in the same manner as the samples prepared from the various tissues, were 
recorded. ‘The standards represented suitable aliquots of the labeled Sr 
used for the injections. From these data, after correction for background 
counts, the per cent of the administered radiostrontium recovered in the 
sample was calculated. 

A constant 8-ray source was used to check the sensitivity of the Geiger 
counter.’ 


Results 


Blood-—-24 hours after the administration of 2 mg. of Sr, containing either 
3 or 15 microcuries, the mean specific content of radiostrontium in the blood 
of five of the eight rats (Table I) which received 5 ml. of parathyroid ex- 
tract was twice the mean specific content of radiostrontium in the blood of 
their controls. 48 hours after the administration of 2 mg. of Sr, containing 
3 microcuries, the specific content of radiostrontium in the blood of an 
experimental animal that received 5 ml. of parathyroid extract was approx 
mately the same as that of its control. 

Judging from the weights of the animals of the first group (Table 1), and 
the relatively enormous single dose of parathyroid extract that must be 
employed to elevate the serum Ca of the rat as compared to the dog, 5 ml. of 
parathyroid extract may not have produced a detectable increase in the 
serum Ca of some of the animals. That this amount of parathyroid ex- 
tract was not without some effect on the serum Ca of the animals of this 
group Was indicated by a serum Ca of 13.1 mg. per cent in one of the 


1 We are highly indebted to Dr. J. R. Dunning and Mr. H. A. Glassford of the De- 
partment of Physics of Columbia University for the construction of the apparatus, 

? We should like to thank Dr. R. D. Evans of the Department of Physics of the 
Massachusetts Institute of Technology for supplying the constant @-ray source. 
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gimals, weight 246 gm., from which sufficient blood was obtained for the 
determination of Ca as well as radiostrontium. 

In five of the animals (Table 1) treated with 2 < 5 ml. of parathyroid 
extract and 2 mg. of Sr, containing 15 microcuries, the mean specific con- 
tent of radiostrontium in the blood at the 24 hour interval was approxi- 
mately 30 per cent higher than that observed in the controls. The mean 
encentrations of serum Ca in these five animals and their controls were 
16.1 and 10.5 mg. per cent, respectively. 

Distribution and Retention—At the 24 hour interval, the femurs of six of 
the eight animals (Table I) treated with 5 ml. of parathyroid extract con- 
tained slightly or appreciably more radiostrontium than the femurs of their 
rspective controls, while the femurs of the other two animals contained less 
mdiostrontium than their controls. The mean per cent of the adminis- 
tered radiostrontium retained per gm. in the femurs of these eight animals 
and their controls was in each instance 2.71. At the 48 hour interval the 
femurs of an animal that received 5 ml. of parathyroid extract contained 
dightly more radiostrontium than the femurs of its control. 

The femurs of seven of the eight animals (Table I) which received 2 x 5 
nl. of parathyroid extract contained slightly or appreciably less radiostron- 
tium at the 24 hour interval than their respective controls, while the femurs 
a the remaining animal of the group contained appreciably more radio- 
drontium than its control. The mean per cent of the administered 
rdiostrontium retained per gm. in the femurs of these animals was 2.30 as 
compared with 2.70 in the femurs of the controls. At the 72 hour interval, 
the mean specific content of radiostrontium in the femurs of two animals 
which had been injected with 2 K 5 ml. of parathyroid extract was the same 
that of their controls. 

Exceedingly small amounts of radiostrontium were detected in the skele- 
tal muscle, liver, heart, lungs, and adrenals of several animals which re- 
gived 3 microcuries, and which were sacrificed after 24 hours. From two 
rats, treated with 5 ml. of parathyroid extract, samples of muscle contained 
spproximately 0.007 per cent of the administered radiostrontium per gm., 
aad the whole livers contained approximately 0.003 per cent per gm. 
Amounts of radiostrontium corresponding closely to the above were found 
athe muscle and livers of the controls. The amounts of radiostrontium 
@tected in the livers of four of the animals which received 2 < 5 ml. of 
parathyroid extract were of the same order as the amounts detected in the 
@ntrols, but the skeletal muscle of these four hormone-treated animals 
speared to have retained considerably more radiostrontium than the 
Seletal muscle of the controls. The mean per cent of the radiostrontium 
Mained per gm. in the muscle of the experimental animals was 0.037 as 
fmpared with 0.007 in the controls. In the heart, lungs, and adrenals of 
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these four hormone-treated animals, the mean per cent of the administered 
. radiostrontium retained per gm. was 0.012, 0.031, and 0.039, respectively, 
f as compared with 0.007, 0.012, and 0.023 in the corresponding tissues of the 
controls. 

At the 24 hour interval, the amount of radiostrontium retained in the 
£ kidneys of the animals (Table I) treated with 5 ml. of parathyroid extract 
. was small and variable, and only slightly suggestive of a greater retention 
s than that seen in the controls. However, the effect of parathyroid extract 
on the retention of radiostrontium in the kidneys of the animals which re. 
A ceived 2 X 5 ml. of parathyroid extract is clearly evident. It will be noted 
£ (Table I) that at the 24 hour interval the kidneys of these animals contained 
o from 20 to 30 times as much radiostrontium as the kidneys of the controls, 
§ Urinary Excretion—The mean per cent of administered radiostrontium 
recovered in the urine of the animals (Table I) treated with 5 ml. of para- 
s thyroid extract is only slightly greater than the control value. On the 
sg other hand, the animals which received 2 X 5 ml. of parathyroid extract 
excreted on the average almost twice as much radiostrontium as their con- 
trols. One animal of the group excreted less radiostrontium than its 
control, and as previously remarked, this animal, unlike the other animals 
a of the group, showed a higher specific content of radiostrontium in its fe 
: murs than its control. 

Fecal Excretion—The fecal excretion of radiostrontium by the animals 
(Table I) treated with 5 ml. of parathyroid extract was only slightly les 
than that of their controls. 

The animals which received 2 5 ml. of parathyroid extract passed very 
few feces, and the contents of the large intestine in some of these animals 
contained much more radiostrontium than was found in the large intestine 
of the controls. As will be observed in Table I, the mean per cent of 
radiostrontium excreted in the collected feces was markedly less than that 
of the controls. These experimental animals showed marked lethargy, 
anorexia, and abstinence from water during the latter part of the expen- 
mental period. 

Effect of Injected Phosphates on Retention of Radiostrontium in Femurs end 
Kidneys—3 hours after the intraperitoneal injection of 2 mg. of Sr, contain 
ing 3 microcuries, the amounts of radiostrontium detected in the tissues of 
a rat, weight 200 gm., were in per cent per gm. as follows: blood 0.021, liver 
0.049, muscle 0.060, kidneys 0.220, and femurs 4.72. 

The distribution pattern presented by the above values suggested that 
it should be possible to influence the retention of radiostrontium by increas 
ing the flow of inorganic phosphate into the blood shortly before or after the 
injection of the labeled Sr. Accordingly, inorganic phosphate was admil- 
istered subcutaneously to each of five rats (Table II) before or after the 
: usual dose of labeled Sr. 
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The animals were sacrificed 24 hours after the administration of the 
labeled Sr, and the femurs and kidneys examined for their content of radio- 
strontium. The femurs of Rat E-20 were not examined, but in each of the 
other experimental animals the specific content of radiostrontium in the 
femurs exceeded the control value. 

The kidneys of the phosphate-injected animals (Table II) contained from 
2 to 10 times the amount of radiostrontium found in the kidneys of their 
respective controls. The greatest retention of radiostrontium in the kid- 
neys is seen in Rat E-23, which received 7 mg. of P in the form of a solution 
of Na,zHPO,. A necrosis developed at the site of injection and may have 
retarded the absorption of the phosphate and thus increased its effective- 
ness, or the alkalinizing action of the phosphate solution or its higher 
content of P may have favored the retention of the radiostrontium. 


DISCUSSION 


It would seem that the inorganic P level of the blood of the phosphate- 
injected animals (‘Table 11) was elevated for a short time by the extra P, and 
that the assimilation of radiostrontium by the bones was thereby promoted. 
In any case, the femurs of these animals showed a higher retention of 
radiostrontium than their controls. It also appears that the simultaneous 
passage of an excess of inorganic phosphate and radiostrontium into the 
kidneys of these animals led to the marked retention of radiostrontium in 
the kidneys of some of the animals. Smith and Elvove (5) correlated the 
change in the serum (a level with the change in the serum P level in rabbits 
under the influence of irradiated ergosterol, and concluded that an elevation 
inserum P as well as serum Ca is essential for calcification in the soft tissues. 
In their opinion the process by which calcification occurred in the soft tissues 
of their animals is not essentially different from that of normal ossification. 

In a previous publication (4), it was shown in young adult rats, weights 
199 to 254 gm., treated with 5 ml. of parathyroid extract 1 hour before the 
intraperitoneal injection of labeled P, that the effect of parathyroid extract 
was manifested within an hour by a greater accumulation of radiophospho- 
mus in the liver and kidneys than that seen in the controls. Furthermore 
during the first 8 hours of the experimental period the specific content of 
tadiophosphorus in the femurs of these animals did not decrease more 
tapidly than that of the controls, despite the frequency of a greater urinary 
excretion of radiophosphorus. However, soon after the 8 hour interval 
there was apparently an accelerated movement of radiophosphorus from the 
bones, since at the 24 hour interval the specific content of P® in the femurs 
@ the experimental animals was about 20 per cent less than that of their 
tntrols. The results in Table I indicate that the injection of 5 ml. of 
parathyroid extract, 1 hour before the intraperitoneal injection of labeled 
8, although most probably increasing the movement of P into the liver and 
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kidneys, usually did not produce changes in the blood or in the metabolism 
of the bone that affected the capacity of the latter to assimilate or retain the 
radiostrontium. 

In the animals (Table I) injected with 5 ml. of parathyroid extract 24 
hours before the injection of the second dose of 5 ml. and the labeled Sr, the 
action of the second dose of parathyroid extract most probably increased 
the movement of P as well as Sr and Ca into the kidneys. In seven of the 
eight animals sacrificed 24 hours after the administration of the radiostron- 
tium, there seemed to have been a lower uptake or a decreased retention of 
radiostrontium by the femurs, and a shift in the excretion of some of the 
radiostrontium from the feces to the urine. It would appear that in the 
first few hours following the injection of the second dose of parathyroid 
extract a rapid urinary excretion of Sr (and Ca) and P was accompanied by 
a slowly rising serum Ca. Apparently it was during this period that the 
simultaneous passage of an excess of phosphorus and radiostrontium into 
the kidneys led to the marked retention of radiostrontium in these organs. 
Furthermore the radiostrontium appears to have been retained in such a 
form in the kidneys that it slowly disappeared, presumably by removal in 
the urine. 

A high specific content of radiostrontium in the kidneys was an invariable 
consequence of the administration of 2 K 5 ml. of parathyroid extract, but 
the retention of radiostrontium in the femurs of the experimental animals 
(Table I) at the 24 hour interval was not always appreciably less than that 
of the controls. At the 24 hour interval the femurs of one experimental 
animal of the group contained 24 per cent more radiostrontium than the 
femurs of its control, and the amount of radiostrontium recovered in the 
urine of this animal was 21 per cent less than the amount recovered in the 
urine of the control. Both of these effects of parathyroid extract on the 
radiostrontium may be explained on the assumption that the action of the 
second dose of parathyroid extract, superimposed on the effects of the first 
dose, rapidly resulted in an increased urinary excretion of P which was 
closely followed by an abrupt rise in serum inorganic P. In their early work 
on parathyroid hormone, Collip and coworkers (6) were first to observe that, 
when a certain critical level in the serum Ca is reached after the administra- 
tion of parathyroid extract, the serum inorganic P tends to rise abruptly. 
The results observed in our phosphate-injected animals (Table I1) indicate 
that an abrupt rise in the serum inorganic P, coinciding with the presence of 
an excess of radiostrontium in the blood, should result in an increased up- 
take of radiostrontium by the bones, thus diverting to the bones some of the 
radiostrontium which otherwise would have been excreted during the first 
24 hours. 
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SUMMARY 


The percentage of labeled strontium has been determined in the tissues 
gnd excreta of untreated rats and in rats treated with parathyroid extract 
siter the intraperitoneal injection of a single dose of SrCh, containing 
radioactive strontium. 

1. One injection of 5 ml. (500 Hanson units) of parathyroid extract 
wually produced no effect upon the retention of radiostrontium in the fe- 
murs or the soft tissues, or in the excretion of radiostrontium, that was 
observable 24 hours after the administration of the labeled Sr. 

2. The injection of 5 ml. of parathyroid extract 24 hours before the injec- 
tion of an additional 5 ml. and the labeled Sr usually resulted in (a) a de- 
qeased retention of radiostrontium in the femurs, (b) a decreased fecal 
eeretion of radiostrontium, (c) an increased urinary excretion of radio- 
strontium, and (/) a marked retention of radiostrontium in the kidneys. 


The author is greatly indebted to Professor E. O. Lawrence, director, and 
to Dr. Joseph G. Hamilton, and the rest of the staff of the Radiation 
laboratory of the University of California for supplying the radiostrontium 
wed in these experiments. This work was also greatly aided by a grant 
from the Ella Sachs Plotz Foundation, and by a gift of parathyroid extract 
from Eli Lilly and Company. 
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THE EFFECT OF DOSE AND NUTRITIVE STATE ON KIDNEY 
ARGINASE AFTER STEROID STIMULATION* 


By CHARLES D. KOCHAKIAN 


(From the Department of Physiology and Vital Economics, School of Medicine ant 
Dentistry, The University of Rochester, Rochester, New York) 


(Received for publication, August 23, 1945) 


It has been demonstrated in this laboratory (1) that many steroid 
hormones increased and a few decreased the arginase activity of the kidney 
but did not affect that of the liver or intestine. A comparison of the 
results obtained with the various steroids suggested that the change in 
arginase activity of the kidney might be related to the rate of stimulation 
of kidney growth and amount of steroid absorbed. 


Method 


Pellets—The steroids' were made into cylindrical pellets of about 14 
mg., diameter 2.7 mm. and height about 2.7 mm., by means of a hand 
press designed in this laboratory. The amount of steroid absorbed was 
increased by implanting two or more pellets and decreased by mixing with 
cholesterol in various proportions (2,3). The amount of steroid absorbed 
was determined by multiplying the decrease in pellet weight by the per 
cent of steroid incorporated into the pellet (3). 

Animals*—Mice of the highly inbred Murray-Little dba strain were 
castrated under ether anesthesia at 16.0 to 19.5 gm. of body weight. They 
were fed Purina fox chow checkers. 

Duration of Experiments—The steroid pellets were implanted subcu- 
taneously 30 days after castration and allowed to remain in situ for 30 
days. ‘Testosterone propionate was studied also at 10 days of treatment. 

Autopsy ‘The mice were fasted for 24 hours and then killed by decapita- 
tion. The pellets were removed, washed in distilled water, and dried in 
a desiccator over calcium chloride. The kidneys were removed, weighed 
on a Roller Smith torsion balance, and placed in a heavy walled Pyrex 


* This investigation was aided by grants from the Josiah Macy, Jr., Foundation 
and the Ciba Pharmaceutical Products, Inc. 

‘The steroids were generously provided by the Ciba Pharmaceutical Products, 
Inc., through the courtesy of Dr. E. Oppenheimer and Dr. C. R. Scholz. Many of 
the steroids were prepared specially for this and related studies. The testosterone 
propionate was provided as perandren and the 17-methyltestosterone as metandren. 

*Kochakian, C. D., unpublished. 

*The mice were provided by the Biological Station, Springville, New York, 
through the courtesy of S. G. Warner. 
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tube containing 5 ml. of cold redistilled water. The organs were homogen- 
ized (1) and enough water was added to give a dilution of 40 ml. of water 
per gm. of kidney. 

Arginase Determination*—The arginase activity was determined by pipet- 
ting 1 ml. of the homogenized kidney tissue into the substrate mixture, 
described by Lightbody (4) but set at pH 9.4, and incubating for 6 houts 
in a water bath at 37°. The reaction was ended by adding | ml. of 0.3 x 
hydrochloric acid and placing the tube in a boiling water bath for 5 minutes. 
The urea was converted to ammonium carbonate by means of urease, and 
the ammonia aerated into 10 ml. of 2 per cent boric acid and titrated with 
0.01500 ~ hydrochloric acid. The indicator of Ma and Zuazaga was used 
(5). The number of ml. of hydrochloric acid was converted to arginase 
units from a graph prepared according to Edlbacher and Rothler (6). 

Blank determinations were made by carrying out the above procedure 
except for the incubation period. 


Results 


Castration—As in the previous study (1), castration did not affect the 
total amount of arginase of the kidney but did increase the amount per 
gm. of tissue (Table I). The amount of enzyme in both groups of animals 
is slightly but proportionately less than that obtained previously (1). 

Dose and Chemical Structure—Testosterone, testosterone propionate, 
androstanol-17(a@)-one-3, and androstanediol-3(a@),17(a@) produce a similar 
effect (Figs. 1 to 4) on arginase activity of the kidney at various dose levels. 
There is at first a decrease followed by a marked and uniform increase in 
enzyme activity. If the values for the above compounds are calculated 
on a mole basis, these steroids have nearly identical potencies (Fig. 5). 
Furthermore, the values for testosterone acetate-3-propionate-17 (ef. (1)) 
also fall in this group. 

A similar type of response is obtained when testosterone propionate 
pellets are allowed to remain implanted for 10 days (Fig. 6). 

17-Methyltestosterone (Fig. 7) and to a lesser extent 17-methylan- 
drostanediol-3 (a) ,17(a)(Fig. 8) alter the above pattern of response to 
dose. The presence of the 17-methy! group in these two compounds 
causes an immediate increase in the arginase activity of the kidney with 
only a probable slight and transitory decrease at extremely low levels of 
steroid absorption. On the other hand, androstanediol-3(8) ,17(q), 
17-methylandrostanediol-3(8) ,17 (a), androstanediol-3 (a) , 17 (a) acetate-3, 
and (8) ,17(a) prolong the phase during which 
there is a decrease in enzyme activity (Fig. 9). 


4A detailed study of many factors that affect arginase activity has been made 
and will be reported in another communication. 
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ifect of Nutritive Stale on Increase in Kidney Arginase after Steroid Stimulation 
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Treatment 
Normal 
Castrated 

Testosterone 

propionate 


17-Methyltestosterone 


17-Methylandrostanediol-3(a@) ,17(a@) | 


Androstanediol -3(a@).17(a@) 


MIONEY WEIGHT, 


Steroid 
bsorbed 


me. 


— 


seeing & 


Kid- 


ney 


| Arginase 

Total 
unils wnils 
| 27 
5; 21 
10 | 38 
12; 48 
17 | 41 
21 
37 | 
29 
64 137 
42 110 
212 | 390 
155 | 336 
36; 72 
26 | 72 
25; 
11 33 
122 | 241 
62 | 159 
98 187 
65 | 198 
8 | 23 

8; 28 

8 | 

11 33 


*N. = normal, U. = undernutrition. 
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Fig. 1. The effect of the dose of testosterone on the arginase content of the kidney 
of the castrated mouse. The kidney of the normal mouse weighs 414 mg. and has 
Zarginase units per gm. Curve 1, arginase; Curve 2, kidney. 
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Kidney Size and Arginase Activity—The initial decrease in arginase 
activity corresponds to the restoration of the kidney to its normal size 


Fic. 3. The effect of the dose of androstanol-17 (a)-one-3 on the arginase content 
of the kidney of the castrated mouse. 


Fic. 4. The effect of the dose of androstanediol-3(a),17(a) on the arginase content 
of the kidney of the castrated mouse. 


except in the case of 17-methyltestosterone, 17-methylandrostanediol- 
8(a),17(a@), and the 10 day experiment with testosterone propionate (also 
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Fic. 5. A comparison of the effect of various steroid hormones on the arginase 
content of the kidney of the mouse. The mo of steroid absorbed are multiplied by 


the molecular weight of testosterone (288). 
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Fic. 6. The effect of the dose of testosterone propionate on the kidney arginase of 
the castrated mouse. These mice were treated for only 10 days. 


same amount of material absorbed in 10 days as in 30 days (Fig. 2) produces a greater 


increase in arginase without a greater increase in kidney size. 


Note that the 
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f.(1)). In the case of these last three experiments the increase in arginase 
activity is evident before the normal kidney size has been exceeded. a- 
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Fic. 7. The effect of the dose of 17-methyltestosterone on the kidney arginase of the 
castrated mouse. Curve 1, arginase; Curve 2, kidney. 
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Fic. 8. The effect of the dose of 17-methylandrostanediol-3(a) ,17(a) on the kidney 
arginase of the castrated mouse. 
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Estradiol (1) also produces an increase in arginase activity without a 
Maximum increase in kidney size. Furthermore, the increase in arginase 


= a 
3 
+. 
° 
| 
© 
cn, 
| 
4 
4 
oO 
4 
@ 
3 
600 6 300 i 
° 
° i 
2) 
| 
| 


oe 


122 KIDNEY ARGINASE 

activity continues with increase in dose long after the kidney has reached 
its maximum size. Thus it seems that the steroids directly stimulate the 
cells to greater activity. 


ANDROSTANEDIOL-3=,17« AC-3 17- METHYL ANOROSTENEDIOL- 3p 
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Fic. 9. The effect of less active steroids on the kidney arginase of the castrated 
mouse. The increase in kidney size is not accompanied by an increase in arginase 
because the rate of absorption of the steroids is not rapid enough to provide the 
necessary stimulus to the cells. 


Undernutrition and Arginase Activity——At one time during this study, 
owing to technical difficulties, some of the mice did not receive the proper 
care, and were consequently in a state of undernutrition during most of 
the experimental period. The analyses of the kidneys of these animals 
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of interest and are presented in Table I. Even though there is 
a marked decrease in the response of the kidney weight to steroid stimula- 
tion, there is nevertheless a definite increase in the arginase activity which 
on a per gm. tissue basis is slightly less or as great as that occurring in the 
kidneys of the well fed mice. There is a smaller increase in total amount 
of arginase in the kidneys of the underfed mice, owing to the much smaller 
increase in kidney size. 

The kidneys of the castrated animals and those which received ineffective 
amounts of steroids show no change in the total arginase but a slight and 
probably significant increase in arginase per gm. owing to the decreased 
size of the organs. 


DISCUSSION 


The study of the arginase content of the kidney at various dose levels 
provides further information concerning the increase in arginase activity 
obtained by the implantation of single pellets of the pure steroids (1). The 
decrease in arginase activity after administration of certain compounds (1) 
ean be definitely attributed now to the ability of these steroids to restore 
the kidney only to that condition existing in the normal animal. Further- 
more, the difference in arginase activity obtained among steroids which 
produced a maximum response in kidney size disappears when the com- 
parison is made per mole of steroid absorbed. ‘The kidney attains a max- 
imum weight with increase in dose rather quickly but the arginase activity 
continues to increase. 

In the previous report, 17-methyltestosterone and testosterone dem- 
onstrated the same ability in both 10 and 30 day experiments to stimulate 
an increase in kidney arginase activity. It is now apparent that these 
two compounds bring about their changes in a somewhat different manner. 
The 17-methyltestosterone causes a rapid and immediate increase in 
arginase activity at extremely low levels, while testosterone produces an 
initial decrease followed by a steady and uniform increase which even- 
tually approaches the values produced by 17-methyltestosterone. This 
rapid initial increase seems to be a property of the 17-methyl group, for 
l7-methylandrostanediol-3 (a) ,17(a) produces a similar, though not quite 
a marked an effect. 

The continued increase in arginase activity with increase in dose long 
after the kidney has attained its maximum weight response indicates that 
the size of the organ is not a complete reflection of the rate of its cellular 
metabolic processes. Even in undernutrition the arginase activity per 
gn. of tissue is greatly increased and in proportion to the increase in 
kidney weight. 

It is of special interest that these steroid hormones affect only the 
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enzymes (“‘alkaline”’ and “acid’’ phosphatases (7), d-amino acid oxidase 
(8), and arginase (1)) of the kidney and not those of the liver or intestine. 
It would seem then that the metabolic effects, e.g. protein anabolism (ef. 
(9)), of these compounds are mediated at least in part through the kidney. 
Edlbacher (10) has suggested as a result of his extensive studies on liver 
and veast arginase that one of the functions of this enzyme may be to 
provide suitable nitrogen forms for protein synthesis. 

One synthetic process, the formation of glyvcocvamine by the transfer 
of the amidine group of arginine to glycine, occurs in the kidney (11). 
This compound then is methylated in the liver to form creatine. Can it 
be that the increased arginase activity of the kidney noted after the admin. 
istration of the steroid hormones is related to creatine formation? Along 
this same line of thought it is interesting that the 17-methy! group has an 
accentuating effect on both arginase and creatine metabolism (12). 


SUMMARY 


The increase in arginase activity obtained in the kidneys of castrated 
mice treated for 30 days with various steroids implanted subcutaneously 
as pellets is related to the amount and the chemical structure of the com- 
pound absorbed. ‘There is at first a decrease in arginase activity of the 
kidney which occurs during the phase when the kidney is increasing in 
size to its maximum response. This initial phase is followed by a rapid 
increase in arginase activity. These two phases are altered by the chemical 
structure of the steroid. Testosterone, testosterone propionate, andros- 
tanediol-3(a),17(@), and androstanol-17(a)-one-3 produce almost identical 
responses per mole of steroid absorbed. The introduction of the 17-methyl 
group (17-methyltestosterone and 17-methylandrostanediol-3(qa) ,17(q)) 
causes « rapid initial increase instead of a decrease in arginase activity, 
which then continues at a slower rate of increase until it becomes identical 
with that of the former compounds. 

Undernutrition does not affect the ability of the steroids to stimulate 
arginase activity per gm. of tissue but decreases the total increase because 
of the smaller increase in kidney size. 

It is suggested that the increased arginase activity is related to synthetic 
processes such as protein anabolism and glycocyamine formation. 
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THE MICRODETERMINATION OF IODINE IN BIOLOGICAL 
MATERIALS WITH SPECIAL REFERENCE TO THE COMBUS- 
TION OF SAMPLES IN THE PARR OXYGEN BOMB* 


By HARRY SPECTOR anv T. 8. HAMILTON 


(From the Division of Animal Nutrition, University of Illinois, Urbana) 
(Received for publication, June 25, 1945) 


The most troublesome obstacle to the quantitative determination of the 
very minute quantities of iodine which are normally present in biological 
materials has been the destruction, without loss of iodine, of the relatively 
large amounts of organic matter present. The procedures which have 
been used to destroy the organic matter include fusion with alkali, com- 
bustion in a closed system, and digestion with sulfuric acid or hydrogen 
proxide. Von Kolnitz and Remington (1) have critically reviewed all 
d these methods and point out serious objections to each. 

leipert (2) developed a wet combustion method in which the organic 
matter is oxidized and the iodine is converted to iodine pentoxide by means 
¢ chromium trioxide in a sulfuric acid medium. Chromium trioxide 
wually contains iodine and is difficult to purify. Matthews, Curtis, and 
Brode (3) devised a method for preparing chromium trioxide of low iodine 
watent. The chromium trioxide method is not directly applicable to 
iological materials of low iodine content such as food. 

For the analysis of liquid biclogical samples we have adapted and im- 
poved the acid permanganate method used by Riggs and Man (4) for 
#termination of iodine in blood. Potassium permanganate is easily 
prified and is an excellent oxidizing agent. It serves also to indicate 
maveniently the amount of oxidizing agent required for complete oxidation 
ithe organic matter, and in the distillation procedure the decoloration 
ithe permanganate color is assurance of complete reduction of both the 
mine and permanganate. 

However, the permanganate method is also not applicable directly to 
tological samples of low iodine content, such as food, which necessitate the 
mdation of considerable organic matter. For such samples some type 
ti closed combustion is usually employed. McClendon was the first 
®make closed combustions on biological materials in a bomb (5), but 
tortly discarded the bomb for a silica combustion tube (6). The latter 
method finally developed to the use of a platinum combustion tube with 

*The data presented in this paper were taken from a project covered by a contract, 


Mommended by the Committee on Medical Research, between the Office of Sci- 
Stic Research and Development and the University of Illinois. 
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brick furnace, a platinum-tipped screw feed stoking device, and an absorber 
with triple sintered glass disks (7). An electrometric method is used jp 
the titration. Karns (8) proposed ignition in oxygen in a specially cop. 
structed flask, and collection in a liquid absorption train. Von Kolnitz 
and Remington (1) modified Karns’ technique and made a vertical serew 
feed of brass with a water seal. This procedure is slow and requires con. 
siderable attention by the analyst. Peel, Clark, and Wagner (9) have 
described a gravimetric procedure for the determination of chlorine, 
bromine, and iodine in organic compounds following decomposition in the 
Parr sodium peroxide semimicro bomb. This method is limited to samples 
of semimicro size of 20 to 50 mg. There is also the danger of loss due to 
the explosive action of sodium peroxide. 

For the microdetermination of iodine in samples of high carbon content, 
such as food and feces, we have developed a method which employs a 
simple, safe, and rapid procedure for destruction of the organic matter. 
The procedures concerned with the liberation and determination of the 
iodine incorporate the best features of the methods of Riggs and Man 
(4) and of Matthews, Curtis, and Brode (3) and include several original 
modifications. This improved method consists of combustion of the sample 
in the Parr oxygen bomb and absorption of the iodine in dilute alkali at 
4 the bottom of the bomb, digestion of the wash solution in an acid per- 
e.. manganate medium, reduction and liberation of the iodine with phosphorous 
a acid, and distillation of the iodine in an all-glass apparatus. The iodide 
a in the distillate is oxidized by the Grodk (10) permanganate procedure 
14 to iodate and titrated with sodium thiosulfate with the iodide-iodate- 
starch reaction. 


a S 


> 
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Special Apparatus 

. Bomb Calorimeter—The Parr oxygen bomb calorimeter, the single 
valve Ilium oxygen bomb, model B, and accessories may be purchased 
7 from the Parr Instrument Company, Moline, Illinois. 

A Distillation Apparatus—This has been completely described and drawn 
; to scale by Matthews, Curtis, and Brode (3). It may be obtained from the 
Leonard Glass Works, 1432 Minnesota Avenue, Columbus, Ohio. | 

The distillation flasks of this apparatus are used for the digestion with 
permanganate. 

Titrations are made with a Koch automatic micro burette of 1 ml. 
capacity and graduation interval of 0.01 ml., which has a stoppered reser- 
voir and two interchangeable ground glass tips, one of which delivers 100 
to 110 drops per ml. This may be purchased from the Arthur H. Thomas 
Company, West Washington Square, Philadelphia. 

A Fisher fluorescent titration illuminator provides a cool glareless light 
that aids in detecting the delicate end-point. 
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Reagents—The potassium permanganate was recrystallized according 
to the directions of Riggs and Man (4). All other reagents were prepared 
secording to the directions of Matthews, Curtis, and Brode (3). 


Procedure 


Combustion—-An appropriate amount of dried sample containing about 
9to 5 7 of iodine is pelleted or packed into a combustion cup and weighed 
securately. 20 ml. of N NaOH are introduced into the bottom of the 
bomb to capture the volatile iodine compounds. The bomb is assembled, 
filled with 15 atmospheres of oxygen, and the sample is ignited as usual in 
the determination of caloric value. 3 minutes are allowed for complete 
combustion and the oxygen is liberated slowly (to prevent possible loss of 
iodine). The contents of the bomb are transferred to a digestion flask 
and the combustion cup and bomb are thoroughly rinsed with 0.1 n NaOH. 
The washings are also transferred to the digestion flask. 

Digestion—To the washings in the flask are added several glass beads as 
antibumps, 2 gm. of recrystallized potassium permanganate, and 100 ml. 
of 18 N sulfuric acid. Each flask is connected by means of a 3-hole rubber 
stopper with a 200° thermometer, a small stream of compressed air to 
prevent foaming, and a vent to carry off the fumes and vapors. The 


flasks are heated by means of a small gas flame and the digestion is con- 


tinued until the temperature reaches 175°. 

Liquid samples, which are relatively low in organic matter, can be 
oxidized directly by acid permanganate digestion. Such samples require 
more potassium permanganate, depending on the amount of organic matter 
present. It is important that sufficient permanganate be added so that 
the digestion mixture does not decolorize before a temperature of 175° is 
reached. If the sample should decolorize it must be discarded. The 
sulfuric acid must be added slowly with shaking of the flask and an oc- 


aasional cooling under tap water, as a violent foaming reaction takes place. * 


Distillation -When the digest has cooled to below 100°, the thermometer 
s washed with approximately 20 ml. of double distilled water from a wash 
bottle. 80 ml. more water are added and the flask is shaken thoroughly 
to mix the contents. An Erlenmeyer flask containing 1 ml. of a solution 
2m with respect to potassium carbonate and 0.2 m with respect to sodium 
sulfite is placed under the condenser stem and tilted so that the tip dips 
into the solution. The digestion flask is connected to the distillation 
apparatus by means of the air-tight ground glass joint. The flask is then 
heated and, as soon as distillation begins, 5 m phosphorous acid is added 
dowly through the entry tube. After the mixture in the distillation 

is completely reduced and becomes colorless, 2 ml. of phosphorous 
acid in excess are added to insure complete liberation of the iodine and the 
dtillation is continued until about 100 ml. of distillate are collected. 
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The distillate is evaporated on a hot-plate to a volume of about 5 ml. The 
sample is then transferred quantitatively to a 50 ml. Erlenmeyer flask and 
the flask is washed three times with small volumes of water, so that the 
total volume is not more than 25 ml. The solution is again evaporated 
to about 5 mil. 

Grodk Permanganate Oxidation —The flask is placed in a shallow boiling 
water bath on a hot-plate. 0.2 M potassium permanganate is added 
dropwise directly into the solution until a permanent purple color is ob. 
tained. The flask is then gently tilted and rotated to mix the solution, 
which is then heated 3 minutes. 10 drops of 8 N sulfuric acid are then added, 


a] 
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.: The permanganate should not be decolorized. If decoloration does take |, 
es place, more permanganate must be added immediately. After heating 3 

e minutes more, 1.5 mM sodium nitrate solution is added dropwise directly | > 
Be into the sample until all manganese dioxide and excess permanganate are 

. reduced. 1 drop of sodium nitrate in excess is added and the sides of the 

a ‘ flask are thoroughly washed by carefully rotating the flask in order to - 
} : reduce any manganese dioxide particles adhering to the sides. The solution | 
. is heated for 3 minutes more and then 5 drops of 5 M urea solution are added J _ 
+; and the sides of the flask thoroughly washed by rotating the flask. The 

i fj sample is kept in the water bath for 9 minutes longer. The sample is 

; q cooled to room temperature, then chilled on ice before titration. 

; Titration— A small erystal of potassium iodide and 2 drops of a 1 per 

ze cent starch solution are added to the sample which is then titrated with 

_ 0.0002 ~ sodium thiosulfate solution delivered from a 1 ml. micro burette. 

if 1 ml. of 0.0002 x Na.S.O; is equivalent to 4.23 y of iodine. 

Blank—The pyocedure for determining blanks is essentially the same as 

that used for sample analysis. 100 ml. of 18 ‘ sulfuric acid and 10 gm. 

a of potassium permanganate are used in determining the blank. The 

Es titration value of the blank is subtracted from the titration value of the 

{ 7 * sample to give the true iodine content of the sample. 

EXPERIMENTAL 

a Recovery of Pure KI-—-To determine the recovery of iodine following | — 
oa oxidation either by digestion with acid permanganate or by combustion 

. in the Parr oxygen bomb the following experiment was carried out. Cel- 

if lulose blocks were placed in combustion cups and moistened with 0.5 ml. 
A of N NaOH. Then exactly 1 ml. of standard potassium iodide solution |, 
. was adsorbed on the blocks which were dried in a 65° oven overnight. a 
r +8 The samples were then oxidized either by digestion in acid permanganate | — 
Ta or by combustion in the oxygen bomb before the acid permanganate di- 

gestion. 
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Taare 
Recovery of Standard Solution of Inorganic lodine following Oxidation by K MnO, 
Digestion or by Combustion in Oxygen Bomb 


Iml. of KI (= 1.04 ml. of 0.0002 ~ Na.S,0;) pipetted on a cellulose block. 


Dried (65° oven) overnight | Not dried 
Block wet with | Block one 
NaOH No NaOH No NaOH | NaOH 
Combustion in bomb before _ 
K MnO, digestion and K Mn, digestion and distillation 
distillation 
Average titration, 1.06 1.02 1.07 


recovery, %..... 101.9 103.8 102.9 


Il 


Recovery of lodine afler Combustion of Sample (Feces) in Parr Oxygen Bomb 


Sample No. | Treatment 
| m | 
] | Regular ignition in bomb 1. 546 486 3.05 
2 | 2.0525 6.39 | 3.11 
bomb shaken | 2.5634 7.61 | 2.97 
4 + Of in bomb 
released by bubbling into 25 ml. 0.1 
WN NaOH through exhaust attachment 1.0080 3.09 3.07 
5 | Regular ignition in bomb 1.7483 | 4.23 | 2.42 
6 1.8185 | 4.23 2.33 
released by bubbling into 50 ml. 0.1 | 
NaOH through exhaust attachment 1.8887 | 3.93 | 2.08 
8 | Same as Sample 7 1.8273 | 4.19 | 2.29 
TA 
8A | 0.17 | 
9 | Blank (0.18 
Tasie Ill 
Recovery of lodine Added (5 Micrograms Each) to Various Biological Materials 
oe Sample ! | a Total iodine Recovery of added iodine 
12 Pure sweat 125 95.2 
7 Body washings 250 1.44 | 6.44 5.00 100.0 
12 ~| «€CUrine | 3 1.50 | 6.37 4.87 | 97 .4 
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TaBie IV 
Duplicate Analyses of Iodine in Various Biological Materias 


: Amount of : Iodine content | Iodine 
Material IKMnOgused| 5@mple size of sample 


gm. gm. 


Feces F665* | 2 2.866 


C631* 2 3.121 


to 
to 


Food* 


to 

= 


Milk 22 


Urine D593 2 
F601 


£639 


Sweat C646 6 150 


F649 150 
Sweat and body washings C587 9 500 
9 500 

9 300 

Body washings B397 9 


E411 


£659 


* Ignited in bomb. 
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Distillation and Grodk oxidation were carried out on all samples as usual. 
The results are presented in Table I. These results indicate that the com- 
of oxidation and recovery of potassium iodide following both 
methods of oxidation are of a high order. The wetting of the sample with 
alkali is not necessary for complete recovery of iodine. 

Table II gives the data obtained in testing the procedure for possible 
loss Of iodine during liberation of oxygen from the bomb following com- 
bustion of the sample. In Sample 4 the 25 ml. of 0.1 N NaOH into which 
yas bubbled the oxygen released from the bomb were added to the regular 
ample, and in Samples 7 and 8 these absorption solutions (Samples 7A 
and 8A) were analyzed separately. ‘The results in Table II as well as in 
Table I show that there is no loss of iodine in the release of oxygen from the 
bomb as outlined in the procedure. 

Table III gives the results of recovery tests on three types of liquid 
biological samples, the iodine content of which was determined by the 
method outlined when combustion of the sample in the bomb is not neces- 
ary. The recoveries were 95.2, 97.4, and 100 per cent. 

The results of duplicate determinations on various biological materials 
malyzed in this laboratory are presented in Table IV. The samples 
malyzed range in size from 1.0 gm. of dried feces (Table IL) to 1 liter of 
weat and body washings, and from iodine values of 1.99 y to 15.23 y per 
ample, and indicate the range of application of the method. 


DISCUSSION 


Riggs and Man (4) employed ceric sulfate and copper as catalysts in the 
determination of iodine in blood. ‘These investigators found, however, 
hat the results of a few analyses of blood with and without the catalysts 
id not differ significantly. The results obtained in our recovery tests 
dicate that the catalysts are not essential for the determination of iodine 
athe materials analyzed. Also a second digestion in dilute permanganate 
lution as carried out by Riggs and Man (4) was found to be unnecessary, 
specially when phosphorous acid was used for reduction in the distillation 
mocedure. Liquid samples as large as | liter have been digested directly 
Bacid permanganate without a preliminary evaporation. 

For digestion and distillation the apparatus described by Matthews, 
Gurtis, and Brode (3) is more compact and simple to operate than that 
wed by Riggs and Man (4) or by Trevorrow and Fashena (11). 

As already pointed out, KMnQ, is superior to chromium trioxide as an 
mdizing agent, not only because of the greater ease of purifying the former 
it also because it serves conveniently during the distillation to indicate 
Wdecoloration when all the permanganate and iodine are reduced. An- 
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other objection to chromium trioxide is the formation, when the oxidation 
mixture is heated too long at a high temperature, of an insoluble form of 
chromium sulfate which causes bumping during distillation.  Ovalie aeid 
is undesirable as a reducing agent during distillations because of the 
evolution of a large amount of carbon dioxide which necessitates the use of 
a large amount of permanganate in the Grodk procedure. Phosphorous 
acid, as prepared and used by Matthews, Curtis, and Brode (3), is mueh 
more satisfactory. 

In the procedure of Riggs and Man (4) great importance is attached to 
the temperature and length of time of distillation. They warn that 
recoveries of iodine are low unless reduction takes place at a temperature 
above 135°, and unless distillation after the initial addition of oxalic acid 
is continued for at least 30 minutes and about 170 mil. of distillate are 
collected. In the procedure presented no attention is paid to the temper. 
ature, and the distillation of 100 ml. is sufficient to give complete recovery 


ot iodine. 


* A solution 2 M with respect to potassium carbonate and 0.2 M with respect 
a to sodium sulfite is easily prepared and is conveniently added to the re- 
fa ceiving flask with only one pipette. This solution will keep for 3 to 4 


weeks in cold storage. 

The use of phosphoric acid in the Groak procedure, as observed by Riggs 
and Man (4), results in a slow development of the starch iodine color and 
erroneously high titers. Its use also leads to an indefinite vellowish end- 


point. 
i Potassium iodide solution is not stable and must be freshly prepared. 
q ‘| The use of one to two crystals of KKIL is therefore preferred. 
SUMMARY 
Be: A method is described for the determination of micro amounts of iodine 
B in biological materials. For liquid samples the Riggs and Man procedure 
a: for determining iodine in blood has been modified. In the case of materials 
; e of high organic content, such as food, the sample is dried and ignited in 

: | the Parr oxygen bomb before digestion in acid permanganate. 
o This method has been successfully applied to samples ranging in siz 
i from 1 gm. of a solid sample to 1 liter of a liquid sample. 
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THE EFFECT OF ENVIRONMENTAL TEMPERATURE AND 
POTASSIUM IODIDE SUPPLEMENTATION ON THE EX- 
CRETION OF IODINE BY NORMAL HUMAN 
SUBJECTS* 


By HARRY SPECTOR, H. H. MITCHELL, anv T. 8. HAMILTON 
(From the Division of Animal Nutrition, University of Illinois, Urbana) 


(Received for publication, June 25, 1945) 


lodine balance studies were carried out for the first time by von Fellen- 
berg (1) on himself in 1926. This was possible only after his fundamental 
msearch resulted in the development of a micromethod sensitive enough 
to determine quantitatively the minute amounts of iodine excreted by the 
normal human subject. Scheffer (2, 3) studied the iodine balance in 
normal subjects and patients with thyroid disease. Both of these in- 
vestigators recognized the importance of the skin as an avenue of excretion 
in attaining a true balance of iodine. Curtis and associates (4-6) also 
measured the dermal excretion of iodine in their extensive investigations 
d the effects of thyroid disease on iodine metabolism. 

The dermal excretion in the above mentioned investigations has been 
wosely termed “‘sweat,”’ although the environmental temperatures did not 
aceed 24° and most of the subjects were hospital patients confined to bed. 
Furthermore, the dermal excretion was obtained only after repeated wash- 
ng of the body and underclothes, not by a collection of sensible perspiration. 
These results on the loss of iodine through the skin, however, suggested 
the importance of studying the dermal excretion of iodine under conditions 
thich would induce profuse sweating. 


EXPERIMENTAL 


The data to be reported in this paper are taken from a 2 year study of 
be effects of high environmental temperature and variable humidity 
ton the dermal losses of certain minerals and vitamins and their me- 
ubolites. During eight of the experimental weeks of this study in which 
he subjects were on a constant adequate diet, iodine was determined in 
the dermal excretions collected in 8 hour periods in a controlled environ- 
nent and in the urinary excretions collected in 24 hour periods. During 
ur of these weekly periods, iodine was also determined in the daily food 

* The data presented in this paper were taken from a project covered by a contract, 


mommended by the Committee on Medical Research, between the Office of Scientific 
leearch and Development and the University of Minois. 
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of each subject and in the daily fecal collections. For 1 ot the 8 weeks the 
subjects received daily 2 mg. of INI each. 

Five young men, 20 to 28 vears of age, were used as subjects. For 8 
hours each day, Monday through Friday, the subjects were kept in an air. 
conditioned room maintained on alternate weeks at “comfortable” (about 
28.9° dry bulb, 50 per cent relative humidity) and “hot moist’? (38.3° dry 
bulb, 69 per cent relative humidity) conditions. 

Before entering the air-conditioned chamber each subject’ washed his 
entire body thoroughly with soap and water, then rinsed with distilled 
water. By means of a preboiled and rinsed piece of cheese-cloth each 
subject removed all excess rinse water from the surface of his body. The 
subjects then entered the chamber with no clothing other than klaks. 

While in the chamber, the subjects did no work or exercise but sat on 
chairs or cots which were completely covered with rubber sheeting and 
towels, the latter preboiled and rinsed in distilled water. Visible body 
sweat was absorbed on cheese-cloth, preboiled and rinsed thoroughly in 
distilled water, and collected in a jar containing 10 cc. of glacial acetic acid, 
At the end of the 8 hour period each subject washed his body first with 600 
ce. of distilled water. The second, third, and fourth body washings were 
made with 300 ce. portions of distilled water each, and these as well as 
five additional 300 ec. portions of distilled water were used in succession 
to wash and rinse cheese-cloths, towels, klaks, chairs, and any other surface 
upon which skin excretion might have collected. All undiluted sweat 
was combined with the body washings for analysis. 

Before entering the exposure chamber, and immediately on leaving it, 
the men were weighed without clothing to the nearest gm. on a Troemner 
balance. The final body weight plus the weight of all urinary and feeal 
excreta subtracted from the initial body weight plus the weight of all food 
and water ingested gives the “net loss” in body weight. The net loss in 
body weight under comfortable conditions averaged 92 gm. per hour, 
representing largely insensible vapor loss. Under hot moist conditions, 
the net loss in body weight averaged 676 gm. per hour, representing mainly 
the secretion of the sweat glands. 

On three Saturday mornings a 4 hour collection of undiluted sweat was 
made,under hot moist conditions for iodine analysis. On these days each 
subject stood in a large pan so as to collect all sweat running off the body, 
and also collected sweat continuously by running the lip of a clean beaker 
over all readily accessible parts of the body. The samples were preserved 
by the addition of glacial acetic acid. 

The food and feces samples were dried, ground, and kept in tightly 
stoppered glass jars until analyzed. All samples were analyzed for iodine 
by the methods described in detail in the previous publication (7). 
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Results 


The concentration of iodine in undiluted sweat is given in Table I. 
Without iodine dosage, the iodine concentration in the sweat of three 
aibjects averaged 0.95 y per 100 ce. A single dose of 2 mg. of KI increased 
the average concentration to 3.18 y per 100 ce. Fourteen daily doses of 
2mg. of KI, taken prior to the collection day, produced, when compared 
with the single 2 mg. dose, an additional increase in the iodine concentration 
af the sweat in the one subject whose concentration had been low. The 
other two subjects showed an actual decrease, which is probably of no 
significance. 

A comparison of the hourly loss of iodine through the skin and kidneys 
under different environmental conditions is presented in Tables II and ITI. 
With a constant diet in Weeks 13 and 14 the dermal exeretion of iodine 
increased, on the average, 2.3 times from comfortable to hot moist condi- 
tions. At the same time the urinary excretion of iodine showed no sig- 
nificant change. The average combined urinary and dermal excretion 


Tasie I 
Concentration of lodine in Undiluted Sweat with and without KI Dosage 
The results are given in micrograms per 100 ce. 


Wk. No. 


Saturday ) lodine supplement before sweat collection Subject C Subject D Subject E Average 
12 None O54 1.22 0.95 
15 dose of 2 me. AI 1.55 3.18 
77 14 daily doses of 2 mg. KI 4.17 4.17 ? 62 3.65 


- —_— - — 


pr hour under hot moist conditions showed an increase of 2 y over that 
under comfortable conditions, although one subject failed to show this 
relationship. 

In Weeks 17 and 18, when the diet was supplemented daily with 2 mg. 
of KI, the dermal excretion of iodine under hot moist conditions averaged 
about 20 times that under comfortable conditions. The urinary excretion 
df iodine showed an average drop of 9.9 y per hour under the hot moist 
conditions. ‘The large increase in dermal excretion of iodine under hot 
moist conditions overbalanced the urinary decrease, resulting in an increase 
under these conditions of 9.3 y in the combined hourly exeretion of iodine. 
This was consistent for all three subjects. 

Table IV gives the results obtained during 4 experimental weeks, during 
Which the intake of iodine and the fecal excretion per day were determined 
inaddition to the 24 hour urinary excretion and the 8 hour dermal excretion. 
There was very little difference between the dermal excretion of iodine under 
hot moist and comfortable conditions between Weeks 24 and 25.  How- 
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Tasie Il 
| Loss of Iodine through Skin and Urine under Hot Moist and Comfortable Condition, | | 
lodine excretion 
Wk. No. | Room conditions | Subject |, loss — 

Dermal | Urinary | Combined AW. 

gm. per hr.| per hr. | per kr. per hr. 

BE 13 | Hot moist | B 402 4.7 | 14.1 | 188 | 36 

he C 534 53 | 17.2 | 22.5 | 8g 

D 753 5.5 20.9 26.4 3.8 
E 636 5.0 | 23.5 3.7 | 

. 14 Comfortable B 65 2.4 19.7 22.1 8.2 

Be C 86 2.3 17.4 19.7 7.6 : 
r D 118 2.0 20.3 | 22.3 | 10.2 

i. E 80 2.2 16.8 19.0 7.6 

87 2.2 18.6 | 2.8 | 85 
a 
III 

4 q i Loss of Iodine through Skin and Urine under Hot Moist and Comfortable Conditions 

with KI Dosage 

i - The supplement for both weeks was 2 gm. of KI. 7 
‘ | Dermal Urinary Combined 

| gm. per hr. | per hr. y per hr. per hr. 

17 Hot moist Cc | 63 | 16.0 | 85.4 | 101.4 | 68 
- D 879 | 23.3 93.5 116.8 4.0 | 
| 909 | 21.5 85.0 | 106.5 4.0 

i 18 Comfortable | C | 101 | 1.1 | 94.1 | 95.2 | 968 

| 156 1.0 108.5 | 100.5 | 108.5 — 
a | E | & 1.1 | 91.2 92.3 | 82.9 

113 1.1 | 97.9 | 99.0 | 89.0 

i ever, with KI dosage under hot moist conditions the dermal excretion Wa | 9 
ia about 7 times that under comfortable conditions. - 
ti t The effect of dosage under both comfortable and hot moist conditions ] 4 
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is seen in a comparison of Week 25 with 28 and 24 with 27. Under com- 
fortable conditions KI dosage resulted in an inappreciable increase of 
dermal excretion of iodine (from an average of 2.0 to 2.6 y per hour), but 


Tasie IV 
ledine Excretion under Hot Moist and Comfortable Conditions with and without KI 
Dosage 
| | bi ee | Iodine excretion per hr. | —— 3 
| Room conditions | Supplement | S¥>-|loss injfodine Bra 
| sm. cr 
| 
2% | Hot moist None 498 | 1.6 | 11.6) 1.4 14.6) 11.0) 79.4) 9.6 
| | 738} 819) 0.8 | 15.4) 1.9 18.1) 4.4] 85.1/10.5 
| 680! 715) 2.6 12.3 2.1) 17.0) 15.3) 72.3/12.4 
| | 438 | 595) 1.0| 8.8) 1.4] 11.2) 8.9] 78.6112.5 
Average...... _. 702 1.5 | 12.0) 1.7) 15.2) 9.9) 78.9)11.2 
%| Comfortable | None | C | 86| 629) 2.2 | 22.3) 2.4) 26.9, 8.2) 82.9] 8.9 
D | 126 | $20) 1.8 | 26.6) 2.3) 30.7| 5.9) 86.6) 7.5 
E | 66] 716) 1.9 | 22.3] 1.3] 25.5) 7.5) 87.4] 5.1 
F | 54] 597) 2.0 | 15.6 1.4) 19.0, 10.5] 82.1] 7.4 
691| 2.0 | 21.7 1.9 25.6, 84.8) 7.4 
Hot moist 2mg.* KI| C | 635 2208/16. 1 89.5! 4.2/109.8] 14.7] 81.5! 3.8 
| D | 863 | 2353/22.0 |107.0| 2.6|131.6| 16.7} 81.3| 2.0 
E 969 | 2234/20.3 | 90.7) 3.0/114.0) 17.8) 79.6) 2.6 
| | 410 | 2125)12.3 | 87.2) 1.9)101.4) 12.1) 86.0) 1.9 
Average... 719 2230\17.7 98.6 2 9114.2 15.5} 82.0] 2.5 
8 | Comfortable 2mg.* KI C | 79 | 2208\ 2.5 | 80.0) 1.2) 83.7) 3.0 95.6) 1.4 
| 132 2} 2.7 103.5} 1.5)107.7| 2.5) 96.1) 1.4 
80 | 2246) 2.5 | 86.5) 1.4] 90.4) 2.8) 95.7] 1.5 
| | F | 51 | 2123) 2.5 | 80.0 1.2 83.7 3.0 95.6) 1.4 
Average........ | 2232) 2.6 | 87.5) 1.3 14 2.8) 95.8) 1.4 


*2 mg. of KI are equivalent to 1528 y of iodine. 


ina marked increase in urinary excretion of iodine (from an average of 
2.7 to 87.5 y per hour). Under hot moist conditions with KI dosage there 
was an average increase in dermal excretion from 1.5 to 17.7 y per hour, 
and an increase in the urinary excretion from 12.0 to 93.6 y per hour. 
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DISCUSSION 


Whether the increase in dermal and urinary excretion of iodine on dosage 
with supplementary iodine is due merely to the increased iodine intake or 
is a reflection of a difference in the response of the body to dietary iodine 
from the response to supplementary KI is difficult to determine from our 
experiments. Davison and Curtis (8) found that all of the urinary iodine 
is acetone-soluble, which they presume is inorganic, regardless of the form 
of iodine ingested. 

An important nutritional question with reference to iodine metabolism 
is the effect of a hot environment on the losses of iodine from the body and 
on iodine requirements, particularly as this effect may involve the activity 
of the sweat glands. Unfortunately the results of these experiments do 
not give unequivocal answers to these questions, even under such extreme 
environmental conditions as to induce net losses in body weight of about 
92 gm. per hour in one environment and about 680 gm. per hour in the 
other environment. At the lower level of iodine intake (about 700 
daily), the dermal loss of iodine was but little, or not at all, affected by the 
differences in environment, while the urinary loss may actually be greater 
under non-sweating conditions, due possibly to a greater urine volume. 
At the higher level of iodine intake (about 2200 y daily), brought about by 
doses of KI, the dermal loss of iodine was markedly and significantly in- 
creased with variable and conflicting changes in urinary output. It would 
be hazardous to formulate a conclusion on the effect of environment on 
total iodine elimination from the body and on iodine requirements at either 
level of iodine consumption. 


SUMMARY 


1. The concentration of iodine in undiluted sweat was 0.95 y per 100 
ce. A-single dose of 2 mg. of KI increased the average concentration to 3.18 
y per 100 cc., while 14 daily doses of 2 mg. of KI did not produce any 
significant additional increase. 

2. Profuse sweating (averaging about 677 gm. per hour) increases dermal 
losses of iodine at high levels of iodine intake (2200 y per day, KI dosage), 
but at low levels (700 y per day) no consistent or considerable effect was 
observed. The effect of a sweating environment on urinary out put of iodine 
was too variable to permit a general statement. Thus, no evidence was 
obtained that a sweating environment will increase iodine requirements. 

3. At least three-fourths of the total iodine lost from the body was 
excreted through the urine. When the iodine intake was increased with 
KI supplementation, most of the increased excretion of iodine was lost 
through the urine. 
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4. The feeal excretion of iodine was greater under hot moist than under 
comfortable conditions at high levels of iodine intake, but not at the basal 
levels. Iodine dosage raised the fecal output of iodine significantly in a 
hot moist, but not in a comfortable, environment. 
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THE EFFECT OF PANTOTHENIC ACID DOSAGE AND ENVI- 
RONMENTAL TEMPERATURE AND HUMIDITY UPON THE 
DERMAL AND RENAL EXCRETION OF 
PANTOTHENIC ACID* 


By HARRY SPECTOR, T. 8. HAMILTON, anno H. H. MITCHELL 
(From the Division of Animal Nutrition, University of Illinois, Urbana) 


(Received for publication, July 23, 1945) 


The loss of considerable amounts of water-soluble nutrients in the sweat 
would have an important bearing on nutrition in the tropics and in hot 
humid seasons of the year in the temperate zone, provided these losses 
represented something more than a mere diversion of excretion from kidney 
tosweat glands. The possibility of such losses has stimulated considerable 
research in recent years, particularly studies of the vitamin content of sweat. 

The present paper, concerned with the manner of excretion of pantothenic 
acid by adult man on different levels of intake, is one of a series of papers 
on this general subject from this laboratory. Its significance in practical 
human nutrition cannot be assessed until the essentiality of pantothenic 
acid in the human diet has been more firmly established. The evidence 
on this point recently reviewed by Gordon (1) leaves much to be desired. 
In this connection it may be pointed out that the demonstration of a 
therapeutic value of a substance does not necessarily imply that a dietary 
deficiency has been thus corrected by it. 


EXPERIMENTAL 


Five young men, 21 to 28 years of age, served as subjects of the experi- 
ment. For 8 hours each day, Monday through Friday of each experimental 
week, the subjects were kept in an air-conditioned room maintained at 
“comfortable”? (about 28.9° and 50 per cent relative humidity) or “hot 
moist’’ (about 38.3° and 69 per cent relative humidity) conditions, the 
latter simulating a tropical (jungle) environment, and occasionally at 
other conditions. Dermal excretions were collected during the 8 hour 
periods in the experimental chamber and urinary excretions were collected 
for the entire 24 hours. During 8 of the experimental weeks these col- 
lections were preserved with toluene and analyzed for pantothenic acid. 
For 5 of the 8 weeks the subjects received a supplementary dose of panto- 
thenic acid. On three Saturday mornings a 4 hour collection of undiluted 


* The data presented in this paper were taken from a project covered by a contract, 
recommended by the Committee on Medical Research, between the Office of Scientific 
Research and Development and the University of Illinois. 
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sweat was made under hot moist conditions for pantothenic acid analysis, 
The procedures for collecting complete dermal excretions and undiluted 
sweat are described in detail in a previous publication (2). 

Before entering the exposure chamber, and immediately on leaving it, 
the men were weighed without clothing to the nearest gm. on a Troemner 
balance. The final body weight plus the weight of all urinary and feeal 
excreta subtracted from the initial body weight plus the weight of all food 
and water ingested gives the ‘“‘net loss”’ in body weight. The net loss in 
body weight under comfortable conditions averaged 85 gm. per hour, 
representing largely insensible vapor loss. Under hot moist conditions, 
the net loss in body weight averaged 661 gm. per hour, representing mainly 
the secretion of the sweat glands. 

Pantothenic acid was determined by a microbiological method with 
Lactobacillus arabinosus as the test organism and the improved basal 
medium of Krehl, Strong, and Elvehjem (3). Pantothenic acid is essential 
for Lactobacillus arabinosus (4), and the possibility of using this organism 
for the determination of pantothenic acid was first suggested by Snell 
and Wright (5) in 1941. 

One of the reasons for selecting Lactobacillus arabinosus was that this 
organism was reported to be insensitive to fatty acids, when grown on the 
nicotinic acid basal medium of Krehl, Strong, and Elvehjem (3), whereas 
L. casei was reported (6, 7) to be stimulated by fatty products in the 
presence of suboptimal amounts of pantothenic acid. However, pre- 
liminary experiments showed that fat-soluble materials in sweat also 
stimulated acid production by L. arabinosus when sweat samples were 
assayed directly, yielding apparent pantothenic acid values approximately 
3 times the values obtained after ether extraction or filtration through 
Filter-Cel, which completely eliminates this stimulatory effect. Since this 
work was completed, two procedures have been published (8, 9) which 
report the use of L. arabinosus in the microbiological determination of 
pantothenic acid. Both of these reports confirm the sensitivity of L. 
arabinosus to stimulation by fatty materials. 

Enzyme (clarase) treatment did not yield higher values, indicating that 
all the pantothenic acid in sweat is present in the free form. All samples 
were filtered through Filter-Cel and assayed directly. The pantothenic 
acid values are expressed in terms of calcium pantothenate. 


Results 


The concentration of pantothenic acid in undiluted sweat is given in 
Table I. No increase with dosage is indicated and the total average was 
3.8 7 per 100 cc. with a standard error of the mean of +0.56. 

Table II shows the effect upon the dermal excretion of pantothenic acid 
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of an increase in humidity with approximately the same dry bulb temper- 
ature. A dose of 8 mg. of calcium pantothenate was given daily. When 
the relative humidity in the chamber was raised from 65 to 92 per cent, 
there was a 176 per cent increase in the average net loss in body weight 


TaB_Le I 
Pantothenic Acid Concentration in Undiluted Sweat with and without Dosage 
The results are given in micrograms per 100 ce. 


Wk. No. Pantothenic acid supplement before ‘Subject Subject Subject E | Subject F 
1.6 | 5.4 | 5.0 | 1.5 | 3.4 
39 7 daily doses of 16 mg. calcium: | | 

| pantothenate* | 1.2 3.0 4.4 3.2 3.0 
Individual average | “4: | 3.8 

* Plus Sous 1 gm. tablets of Mead’ s brewers’ yeast. 
Il 
Effect of Humidity upon Dermal Excretion of Pantothenic Acid 
8 mg. of ealcium pantothenate were given daily. : 
Condi s, 
Wk. No. | ~ dry ‘elative Subject body Excretion of pantothenic acid 
| per cent gm. per hr. per hr. 
3 32.22 65 B 122 1.7 1.4 
| C 138 1.8 1.3 
| D 221 8.7 4.0 
| bk 140 2.8 | 2.0 
Average... 155 3.8 2.2 
7 32.77 | 92 B 155 7.9 §.1 
| C 369 7.9 2.1 
| D 626 18.6 3.0 
| 14.5 2.6 
Average | | _.428 12.2 | 3.2 


— 


with a 221 per cent increase in the average dermal excretion of pantothenic 
acid. No significant increase in the concentration of pantothenic acid 
in sweat is indicated by the ratio of the dermal loss of the vitamin to the 
net loss in body weight under environmental conditions differing only in 


humidity. 
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A comparison of the hourly loss of pantothenic acid through the skin 
and through the kidneys under hot moist conditions with that under 


comfortable conditions is presented in Table IIT. 


In Weeks 21 and 22, 


when the diet was supplemented daily with 8 mg. of calcium pantothenate, 


TaBLe III 


Dermal and Urinary Excretion of Pantothenic Acid under Hot Moist and Comfortable 
Conditions 


Room conditions 


21 


Hot moist 


Calcium 


panto- 

thenate 

supple- 
ment | 


me. 


| 
| 


Subject 


Net | 
loss in 


body | 


gm. per 
Ar. 
477 
697 
771 
377 


Average ......... 


22 


Comfortable 


Pantothenic acid excretion 


Dermal Urinary 


379 | 

431 

381 

9 | 293 | 
| 


10.6 | 1.8 | 371 32 


27 


| 


Hot moist 


— 


Average ......... 


28 


Comfortable 


None 


F 51 


* 
| 


-| ¥ per per | 


per cent 


= 


three of the four subjects showed an increased dermal excretion of panto- 


thenic acid under hot moist conditions. 


It is of interest to observe that 


there was also an increased urinary excretion of pantothenic acid under 
hot moist conditions for three of the four subjects. This increase is 


| 
| loss f 
of urine 
Wk through | per 2% 
| | | 
| | | 2 per 
per OU gm 
loss 
| 
| 6.5] 1 386 | 1.7 | 884 
| | | 19.0} 2 450 1.2 | 1008 
| | | 9.7) 1 391 | 2.5 984 
i | | | SEIS 300 24 9 
| | x 1152 
81 | 7.6 9.4 | 303 310 4 | 1730 
a | | | 327 | 8.81 6.2 318 326 6 1860 
ba: ¥ | | | 68 | 5.8! 8.5 | 329 | 335 7 2322 
aes | | | 59 | 5.4) 9.2 301 S 1970 
84 «6.8 8.5 2.1 | 1971 
None C 635 | 20.4) 3.2 272 7.5 672 
| D | 863 | 38.3 4.4 332 «11.6 782 
; E | 969 | 34.4) 3.6 235 | 14.7 728 
| | F | 410 | 17.7/ 4.3 104 (17.0 
| 719 | 27.7] 3.9 236 | 12.7 | - 782 
79 0.7 | 228 | 235 3.3 2482 
| | D 1I32 | 4.3/1 3.3 | 238 | 242 1.8 | 2478 
be SO 3.5 | 4.4 176 180) 1.9 2640 
86 5.1! 6.8 | 206 211 2.4 | 2658 
| 
| 


= 


| “88 | 
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especially significant since the average volume of urine was 1971 cc. under 
comfortable conditions and only 1007 cc. under hot moist conditions. 

On a constant diet without dosage in Weeks 27 and 28 all subjects showed 
a marked increase in dermal excretion of pantothenic acid under hot moist 
conditions. The average increase was 443 per cent. With the exception 
of one subject (F) all showed also an increase in the urinary excretion of 
pantothenic acid. This subject (F) also showed no significant change in 
the urinary excretion of pantothenic acid in Weeks 21 and 22. The average 


Tasie IV 


Effect of Dosage upon Dermal and Urinary Excretion of Pantothenic Acid under Hot 
Moist Conditions 


Net loss) Pantothenic acid excretion 
Wk. No.| Room conditions | Pantothenic acid | subjectiin body loss 
supplement weight Com- |through 
Dermal Urinary) bined | skin 
me. weight | | per coms 
ss 
38 Hot moist None C 594 | 23.7 | 4.0 | 156 + 180 | 13.2 
D 693 | 24.5 | 3.5 | 162 | 186 | 13.2 
E 7 30.8 | 4.2 91 122 | 25.3 
| F 664 | 21.5; 3.2 | 132 | 153 | 14.0 
672 | 25.1} 3.7 | 135 | 160 | 16.4 
39 Hot moist 16* C 588 | 21.3 | 3.6 | 346 | 367 | 5.8 
D 632 | 23.9 | 3.8 | 420 | 444 5.4 
E 776 | 30.8) 4.0 | 405 | 436 vos 
F 687 | 25.0; 3.6 | 298 | 323 | 7.7 
Average ...... 671 | 25.3 | 3.8 | 367 | 393 | 6.5 


* Plus twelve 1 gm. tablets of Mead’s brewers’ yeast. 


volume of urine was 2658 ec. under comfortable conditions and only 782 cc. 
under hot moist conditions. 

The increase in dermal excretion of pantothenic acid under hot moist 
conditions was so much greater than the increase in urinary excretion 
that the per cent of the total excretion of pantothenic acid lost through the 
skin rose from 2.4 under comfortable conditions to 12.7 under hot moist 
conditions. 

Table IV shows the effect of dosage upon the dermal and renal excretion 
of pantothenic acid under hot moist conditions. There was no significant 
change in the concentration of pantothenic acid in sweat with the dosage 
given, as indicated by the value of pantothenic acid per 100 gm. net loss 
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in body weight per hour. However, this dosage produced an increase of 
172 per cent in the urinary excretion of pantothenic acid. 


DISCUSSION 


The concentration of pantothenic acid in sweat found in these studies 
(average, 3.8 y per 100 cc.) is considerably lower than that reported by 
Tennent and Silber (10) (2 to 30 y per 100 cc.), or by Cornbleet et al. (11) 
(12 to 80 y per 100 ec.). The higher concentration found by these investi- 
gators can probably be attributed to the stimulating effect of fatty materials 
in sweat upon the test organism, Lactobacillus casei, used in the determina- 
tion of pantothenic acid. 

Dosage with about 18 mg. of pantothenic acid did not increase the con- 
centration of this vitamin in undiluted sweat nor its hourly excretion 
through the skin under hot moist conditions. This is contrary to the 
report of Tennent and Silber (10) who stated that the average excretion of 
pantothenic acid in sweat was 24 y per hour for subjects who were not dosed 
and 50 y per hour for those who received a supplement of 50 mg. of calcium 
pantothenate daily. Examination of their data reveals that in only two 
cases were the same subjects tested with and without dosage: subject R.S. 
excreted 15 y per hour without and 20 y per hour with dosage, and subject 
J. F. excreted 20 y without and 21 y per hour with dosage. In both cases 
the sweat was induced by exercise. 

An increase in the relative humidity resulted in an increase in net loss 
of body weight, representing mainly the secretion of the sweat glands, and 
generally a concomitant increase in the dermal excretion of pantothenic 
acid. When the difference between the average net loss in body weight 
under hot moist conditions and that under comfortable conditions is 
multiplied by the average concentration (3.8 y per 100 cc.) of pantothenic 
acid in sweat, the values obtained closely approximate the actual excretion 
found. 

The ratio of the dermal loss of pantothenic acid to the net loss in body 
weight under hot moist. conditions reveals, in three out of four cases, the 
same average concentration of the vitamin in sweat as was obtained by 
actual determination on undiluted sweat. In the 2 comfortable weeks this 
ratio indicates that the insensible dermal water loss has a higher concentra- 
tion of pantothenic acid than that of sweat. 

Under hot moist conditions (Week 39) 31 per cent of an 1S mg. dose of 
pantothenic acid was recovered in the urine. This is higher than the 2.8to 
11.7 per cent found by Pearson (12) for a dose of | gm. The average 
daily urinary excretion of pantothenic acid on a diet without dosage was 
3.24 mg. in 1 week and 4.99 mg. in another. This is in agreement with the 
reports in the literature: Pelezar and Porter (13), average 3.81 mg.; 
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Pearson (12), 3.12 to 3.3 mg.; Wright and Wright (14), average 3.42 mg.; 
and Gordon (1), 3.52 mg. 

The combined urinary and dermal excretion of pantothenic acid under 
hot moist conditions on an average diet was 5.657 mg. per day in Week 
27 and 3.842 mg. per day in Week 38. 

Comparison of the results of Week 28 with 27 and of Week 22 with 21, 
with reference to change in combined hourly excretion of pantothenic 
acid, by the / test of “Student” (15) gives a P value of 0.056. This com- 
parison suggests strongly, but does not demonstrate, that environmental 
conditions inducing profuse sweating increase the total output of panto- 
thenic acid from the body. e 


SUMMARY 


Dermal excretions for a period of 8 hours and urines for 24 hours were 
collected from five young men under comfortable and under hot moist 
conditions, both with and without pantothenic acid dosage. These collec- 
tions were analyzed for pantothenic acid by a microbiological method with 
Lactobacillus arabinosus as the test organism. 

1. Dosage with about 18 mg. of pantothenic acid daily did not affect 
the pantothenic acid concentration of undiluted sweat, which averaged 
3.87 per 100 cc. The insensible dermal water loss in the comfortable con- 
ditions showed a higher concentration of pantothenic acid than sweat. 

2. An increase in the relative humidity from 65 to 92 per cent with a 
dry bulb temperature of about 32.22° produced an increase of 176 per cent 
in the average net loss of body weight, representing mainly the secretion 
of the sweat glands, and a concomitant increase of 221 per cent in the 
average dermal excretion of pantothenic acid. 

3. On an unsupplemented diet the average dermal excretion of panto- 
thenic acid was 5.1 y per hour under comfortable conditions. Under hot 
moist conditions the dermal excretion of pantothenic acid increased to — 
27.7 y per hour. An increase in the urinary excretion of pantothenic acid 
was also observed under hot moist conditions, even though the volume of 
urine under these conditions was only about one-half to one-third of the 
volume under comfortable conditions. Under hot moist conditions 31 
per cent of an 18 mg. dose of pantothenic acid was recovered in the urine. 

4. The combined urinary and dermal excretion of pantothenic acid 
under hot moist conditions on a normal diet averaged 5.66 mg. per day in 
l week and 3.84 mg. per day in another. This is an increase of 11.6 per 
cent over the excretion under comfortable conditions. The data suggest, 
but do not prove, that the total excretion of pantothenic acid in urine and 
sweat may be increased under conditions of profuse sweating induced by 
environmental conditions. 
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OXYGEN POISONING 


V. THE EFFECT OF HIGH OXYGEN PRESSURE UPON ENZYMES: 
SUCCINIC DEHYDROGENASE AND CYTOCHROME OXIDASE* 


By WILLIAM C. STADIE ano NIELS HAUGAARD 


(From the John Herr Musser Department of Research Medicine, University of 
Pennsylvania, Philadelphia) 


(Received for publication, July 21, 1945) 


Since its first proposal by Bert (1), the hypothesis that oxidative enzy- 
matic systems in animals are inhibited by high pressures of oxygen has 
occupied a prominent place in discussions of the phenomenon of oxygen 
poisoning (2, 3). In particular the succinoxidase system (succinic dehy- 
drogenase and cytochrome oxidase) has been considered by some as one 
whose inactivation might explain the whole train of ill events which follow 
the exposure of animals to excessive pressures of oxygen. 

Inhibiting action of oxygen upon succinic dehydrogenase of tissues has 
been reported by Lehman (4) and Bean and Bohr (5). Libbrecht and 
Massart (6) gave to cytochrome oxidase a central réle: at high pressures 
oxygen reacts with it to form orygéne actif which in turn inactivates succinic 
dehydrogenase. They concluded that molecular oxygen per se has no 
toxic action, because they found no inhibition of succinic dehydrogenase 
by oxygen at high pressures when the cytochrome oxidase present in their 
preparations was inhibited by cyanide. 

In this paper we report further experiments on inactivation of the 
succinoxidase system of tissues from rats at high oxygen pressures. De- 
tailed consideration is given to the hypothesis of Libbrecht and Massart. 
The mechanism of inactivation by high oxygen is considered and experi- 
ments are reported bearing on it. 


EXPERIMENTAL 


Tissue Preparations—These were made from white rats. Homogenates 
were prepared by the Potter-Elvehjem method (7). Slices were 0.35 or 
0.5 mm. thick and prepared as described elsewhere (8). Unusual details 
of preparations are described under the individual experiments. 

Determination of Succinoxidase Activity—Two methods were used, aero- 
bie and anaerobic. 

Aerobic Method—10 to 50 mg. (wet weight) of homogenized tissue were 

* The work described in this paper was done under a contract, recommended by 
the Committee on Medical Research, between the Office of Scientific Research and 
Development and the University of Pennsylvania. 
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placed in the main compartment of a Warburg vessel with 3.0 ml. of O.1 
phosphate (pH 7.4), 0.004 m CaCl, 0.004 mM AIC1;, and optimal amounts of 
cytochrome c. The side sac contained 0.1 ml. of 1 M sodium succinate and 
an alkali filter paper roll inset was placed in the center well. The vessels 
were gassed with 100 per cent oxygen and after temperature equilibration 
at 38° the succinate was admixed with the medium. The oxygen uptake 
was then measured over a 30 to 40 minute period, during which time it was 
rectilinear (+5 per cent). The activity was expressed as micromoles of 
succinate oxidized per gm. of wet tissue per hour, 2 moles of succinate being 
equivalent to | mole of oxygen. In some instances several amounts of 
tissue were assayed and the activity calculated from the slope of the line 
through the points representing oxygen uptake versus tissue weight. 

Anacrolic Method— This was essentially that described by Quastel and 
Wheatley (9). The tissue was suspended in a bicarbonate medium, 
ferricyanide and succinate being in the side sac. The gas phase was 
nitrogen with 5 per cent CO... Upon admixture the succinate is oxidized 
by the ferricyanide, viz. Fe(CN)s” + H = + The 
hydrogen ion reacts with bicarbonate and the evolved CQO: is measured 
manometrically. Moles of suecinate oxidized were calculated as half the 
moles of CO. formed. The medium had the following composition: sodium 
bicarbonate 0.040 mM, sodium succinate 0.12 Mm, AICI]; and CaCl. 0.0005 . 
100 micromoles of ferricvanide appeared to be the optimal amount to be 
added from the side sac. 

The following remarks sum up our experience with the method: (1) The 
use of vellow phosphorus in the center well. recommended by Quastel and 
Wheatley, to remove traces of oxygen appears unnecessary and was omitted 
in most of our experiments. (2) Upon admixture of the ferricyanide and 
medium there is a momentary rapid evolution of CO.. This is an artifact 
and is ignored. After 1 to 2 minutes there is a steady CO, evolution which 
is constant-in rate for 20 to 30 minutes. The activity is calculated from 
this. (3) In the absence of tissue, CO. evolution is negligible. (4) The 
activity is proportional to the amount of tissue, provided this is not too 
large. When several amounts of tissue are used, a better evaluation of 
activity can be calculated from the activity-tissue weight line. (5) This 
line usually cuts the abscissa at 0 to 5 mg., indicating, perhaps, an absorp- 
tion of inactivating impurities in the system by an amount of tissue. (6) 
Amounts of ferricyanide and succinate equivalent to about 10 times the 
amount to be oxidized are approximately optimal. (7) The bicarbonate 
ean be varied from 0.020 to 0.050 mM with no significant difference in activity. 
This corresponds to a pH range of from 7.3 to 7.7. (8) Addition of caleum 
and aluminum ions increases the oxidation 20 to 30 per cent when the 
activity is calculated from that of one amount of tissue. There is little 
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efiect if several amounts of tissue are used and the activity is calculated 
from the slope of the activity-tissue weight line. (9%) As a rule the ana- 
erobic and aerobie methods give the same activity for a given tissue. 
However, in the absence of added cytochrome, the aerobic method gives 
jower results. Our experience gave us confidence in the Quastel-Wheatley 
method for determination of succinic acid dehydrogenase. It is technically 
easy and has the advantage that no cytochrome is required. However, 
we have also used the aerobic method in suitable experimental studies of the 
jnactivation effects of high oxvgen pressure. 

Determination of Cylochrome Oxidase Activity. Oxygen Uptake in 
Presence of p-Phenylenediamine-—Vither slices of tissue or homogenates 
were used. The medium containing 0.040 mM phosphate (pH 7.3), 0.080 M 
NaCl, 0.005 KCI, 0.002 Mm MgCl, and 0.001 Mm CaCl. Determinations 
were done in vessels of the Warburg type. The tissue being in the main 


Tassie 


Succinoridase Activity of Rat Tissue As Homogenate Determined Aecrobically and 
Anaerobically (38°) 


Aerobic Anaerobic 
Liver... 1160 1000 
1140 1110* 
Kidney. | t 1620* 


* From the slope of the activity-tissue weight line, with three different amounts of 
tissue. 
t No added cytochrome ¢ present. 


vessel, 0.2 ml. of 0.2 Mm p-phenylenediamine was tipped in from the side 
sac after temperature equilibration. The oxidase activity was expressed 
as micromoles of oxygen per gm. of wet tissue per hour, calculated from 
the readings of the first 20 minutes. 100 mg. of tissue as homogenate or 
slice were the customary amount used in each determination. In all 
eases paralle] samples were set up, one without tissue and the other with- 
out p-phenylenediamine. Appropriate corrections were made from these 
controls in calculating the cytochrome oxidase activity of the samples. 
Oxygen l plake in Presence of Ascorbic Acid and Cytochrome c—The ability 
of the tissues to catalyze the oxidation of ascorbic acid in the presence of 
cytochrome c, as described by Schneider and Potter (10), was used to 
determine cytochrome oxidase activity. The medium in the main vessel 
of the Warburg respirator consisted of 0.25 ml. of 0.4 m sodium phosphate 
(pH 7.4), 0.3 ml. of 0.004 m AICl;, 0.2 micromole of cytochrome c, and 
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water to 3.0 ml. Amounts of tissue as homogenates were added to give 


convenient activity. The side sac contained 0.3 ml. of neutralized ascorbie 


acid. An alkali filter roll inset was included. The gas phase was air. 
After temperature equilibration the contents of the side sac and main 
compartment were admixed, and the rate of oxygen uptake measured for 
20 to 30 minutes. Two amounts of tissue were used and the activity 
expressed as micromoles of oxygen uptake per gm. of wet tissue per hour, 

Cytochrome c—Two preparations were used, one from pigeon breast muscle 
by the method of Potter and DuBois (11), the other from horse heart by 
the method of Keilin and Hartree (12). The final solutions were dialyzed 
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mg liver homogenate 


Fic. 1. Succinie dehydrogenase activity of rat liver hemogenate after preliminary 
exposure at 38° for 2 hours to air or 7 atmospheres of oxygen; anaerobic assay. 


against running water for 2 hours. The cytochrome concentration of the 
second preparation was determined spectrophotometrically. 

Succinic Dehydrogenase Activity of Tissue Homogenates after Exposure to 
High Oxygen Pressure—Homogenates prepared from rat liver were exposed 
to 7 atmospheres of oxygen at 38° for 2 hours, subsequent to which the 
succinoxidase activity was determined by the anaerobic method with three 
different amounts of tissue. For comparison a control sample of the tissue 
was maintained in air at 38°. The data of a representative experiment 
(Fig. 1) show that compared to activity of the control rate of 900 micro- 
moles per gm. per hour the sample exposed to high oxygen has been approxi- 
mately 70 per cent inactivated in 2 hours. 
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Rat liver homogenate was exposed to 7 atmospheres of oxygen for varying 

jods of time and then assayed for succinoxidase activity by the anaerobic 
method. ‘The results shown in Fig. 2 were obtained. The inactivation is 
relatively slow, 2 to 2.5 hours being required before half the activity is lost 
compared to control samples maintained in air at the same temperature. 
The same results were obtained if the activity was measured by the aerobic 


method. In general, the inactivation is slight during the Ist hour at 
© | 
| 
| Control in air 
© 
300 
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Fig. 2. Succinic dehyrogenase activity of rat liver homogenate after preliminary 
exposure at 38° for various periods of time to air of 7 atmospheres of oxygen; anaerobic 
assay. 


approximately 7 atmospheres. However, there is considerable variation 
and occasionally considerable early inactivation was found. For example 
in one case tested by the aerobic method, the activity of a liver homogenate 
fell from 1400 to 700 micromoles per gm. per hour following 1 hour’s 
exposure to 7 atmospheres of oxygen. 

Tissue Slices after Exposure to High Oxygen Pressure—Control experi- 
ments showed that different. weighed slices from the same liver did not differ 
Sgnificantly from each other when homogenized in saline or water and then 
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assayed for succinic dehydrogenase activity by the anaerobic method, 
Furthermore, slices of liver suspended in saline and equilibrated at 38° 
in air up to 4 hours, and then assayed as homogenates by the anaerobie 
method, were found to have the same activity as fresh slices so assayed, 
Accordingly it was possible to measure the effect of high oxygen pressures 
upon the succinoxidase activity of slices. Following preliminary exposure, 


. the slices were homogenized and the activity determined with two or three 


different amounts of tissue. Table I] shows the results of such experiments, 
In general, the enzyme in the slice was about as susceptible to the actionof 
oxygen as it was in the homogenate. This is in contrast to other enzyme 
systems (e.g., d-amino acid oxidase) which appear to be completely 
protected from the inactivating effeet of oxvgen when in the intact cell. 


Il 


Effect of ? Atmospheres of Oxygen on Succinic Dehydrogenase Activity of Rat 
Liver Slices 


Subsequent activity 
Rat No. Preliminary period Bucclante exidised. micromoles per gn. per 
hr. Per cent of 
| control 

Air | 7 atmospheres O: | 

hrs. 7 | | 
1 2 850 | 730 | 86 
4 710 | 480 | 68 
2 2 914 | 1152 | 126 
4 | 922 | 613 | 66 
3 2 585 | 260 | 44 
4 | 930 | 133 | 14 


The succinic dehydrogenase activities were determined by the anaerobic assay. 
Two amounts of tissue were used for each determination and the activity was ob- 
tained from the slope of the activity-tissue weight line. 


Rat Kidney Homogenate—When exposed to high pressures of oxygen and 
assayed in the same way as liver homogenate, it was found that this tissue 
appears to be quite susceptible to oxygen. At 38° the control samples had 
to be maintained under nitrogen, since relatively rapid inactivation was 
observed with oxygen at 1 atmosphere. Representative data are shown in 
Fig. 3. Within 4 hours at this pressure the succinoxidase activity was 
reduced to about one-third of the initial value. 

Mechanism of Succinoridase Inactivation by High Oxygen—Libbrecht 
and Massart (6) reported that succinoxidase preparations from liver oF 
muscle to which cyanide had been added to inactivate the cytochrome 
oxidase system were unaffected by high oxygen pressures, in contrast to 
controls without cyanide. The activity of the enzyme system was deter- 
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mined aerobically at 8 atmospheres of oxygen, methylene blue being used to 
replace the cytochrome system inhibited by cyanide. On the basis of 
these experiments they formulated the following hypothesis of the mecha- 
nism of oxygen poisoning: Oxygen at high pressures reacts with cytochrome 
oxidase to produce oxrygene actif which is toxic and inactivates suceinic acid 
dehydrogenase. Molecular oxygen itself is not toxic; hence there is no 
inactivation when the cytochrome oxidase system is inactivated by cyanide. 
The precise meaning of the term orygéne actif is obscure, but it was inter- 
preted by the present authors (2) to mean that the cytochrome oxidase 
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Hours exposure 
Fic. 3. Succinic dehyrogenase activity of rat kidney homogenate after preliminary 


exposure at 38° to nitrogen or 1 atmosphere of oxygen for various periods of time; 
anaerobic assay. 


8 


system under high oxygen pressure oxidized the succinic dehydrogenase 
w an inactive form. 

This hypothesis has been advanced by Bean and Bohr (13) as one which 
could explain their experiments on muscle tonus. They found that the 
wolated pyloric sphincter of rabbits when subject to 5 to 6 atmospheres 
of oxygen rapidly lost its tonus, but that this effect could be prevented if 
cyanide was present in the medium in which the muscle was suspended. 

In a series of five experiments, duplicate samples of liver homogenate 
prepared from rat liver and suspended in a phosphate buffer were exposed 
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to 7 atmospheres of oxygen for 1 hour. One sample contained KCN at 
concentrations varying from 0.25 to 2.5 mM per liter. Subsequent to the 
preliminary exposure to high oxygen pressure, the samples were assayed 
for succinoxidase activity in the presence of added succinate. Since the 
cytochrome oxidase system had been inactivated, methylene blue wag 
added in optimal concentration to act as hydrogen acceptor. During the 
assay period both samples were identical with respect to cyanide, succinate, 
and methylene blue. In no case was there any indication that the presence 
of cyanide during the period of exposure to high oxygen had prevented 
the inactivation of the succinoxidase activity. 
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Fig. 4. Succinate oxidation of a pigeon breast muscle extract in the presence of 
0.010 m KCN and 0.002 m methylene blue in air or 8 atmospheres of oxygen; 38°. 


In a second experiment an enzyme preparation was made from pigeon 
breast muscle by extraction with phosphate (pH 7.4). The activity of this 
preparation was measured as the rate of oxygen uptake in the presence of 
succinate (38°). Control experiments showed that this preparation was 
completely inactive in the presence of 0.010 m KCN. The further addition 
of methylene blue to 0.002 m, however, restored the activity to about 60 per 
cent of the initial level. The activities of two samples of this preparation 
were measured as follows: (1) in the air with 0.002 m methylene blue and 
0.010 m KCN, and (2) in oxygen at 8 atmospheres with the same con- 
centrations of methylene blue and cyanide. The results, presented in 
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fig. 4, show that the sample at high oxygen pressure was rapidly inactivated 
ip agreement with our experience in the absence of cyanide. The sample 
gsayed in air showed only a slight decrease of activity. In other words, 
there is no indication that the presence of cyanide prevents the inactivation 
af succinic dehydrogenase by oxygen. On the contrary, inactivation was 
more rapid than in its absence. 

In a third experiment, similar in character, a homogenate was prepared 
from rat brain and the activities of three samples were measured aerobically 
in the presence of added succinate (0.020 m). The data are showr in Fig. 5. 
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Fic. 5. Succinate oxidation at 38° by rat brain homogenate: Curve 1, in air + 

$002 uw methylene blue; Curve 2, 7 atmospheres of oxygen + 0.002 mu methylene blue; 

Curve 3, air + 0.002 m methylene blue and 0.010 m KCN; Curve 4, 7 atmospheres of 
aygen + 0.002 u methylene blue and 0.010 m KCN. 


* 


The following may be noted. A sample with methylene blue (0.002 m) 
amitinued its activity in air for a period of 200 minutes, the rate falling 
@only slowly (Curve 1). A similar sample in oxygen at 7.2 atmospheres 
flowed the rapid loss of activity characteristic of oxygen poisoning (Curve 
2. A third sample containing cyanide (0.010 m) jn addition to methylene 
the had a linear oxygen uptake in air Sor a period of 200 minutes but 
owed a loss in activity under high pressumgof oxygen (Curve 3). 
Libbrecht and Massart stated that aged sucdinoxidase preparations lose 
the capacity to oxidize succinate aerobically unless methylene blue is 
Peent. Presumably the cytochrome oxidase system becomes inactive, 
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whereas the succinic dehydrogenase system retains its activity. Such a 
system according to these authors is not inactivated by high oxygen 
pressure, a finding in conformity with their hypothesis that no oxygéne actif 
will be formed if cytochrome oxidase is not in the system. We made many 
attempts by aging and heating at moderate temperatures to prepare a 
succinoxidase system from pigeon breast muscle extract which was active 
with methylene blue and completely inactive without. In this we were 


unsuccessful. However, we succeeded in obtaining a preparation whose - 


activity in oxidizing succinate in air was more than doubled by the addition 
of methylene blue. Experiments with this preparation (Fig. 6) showed 
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Fig. 6. Aged pigeon breast muscle extract deficient in cytochrome oxidase; suc- 
cinate oxidation in air and 7 atmospheres of oxygen with and without methylene blue. 


that in air (methylene blue present) the activity continued relatively 
unaltered for 80 to 100 minutes; in 7.2 atmospheres of oxygen there was 
rapid inactivation; in the absence of methylene blue the inactivation was 
still more rapid. There is no indication in these experiments with 4 
system relatively poor in cytochrome oxidase, so that only half or less of 
the total oxygen is carried by it, that the succinic acid dehydrogenase is 
less susceptible to high oxygen préssures. 

A fifth type of experiment was done in which the succinic acid dehydro- 
genase activity was measured anaerobically by the method already de- 
scribed. Homogenates of rat liver in phosphate (pH 7.4) were equilibrated 
at 38° for 1 hour at 6.9 atmospheres of oxygen. ‘The preparations were 
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Rat liver homogenate in 7.4 phosphate at 38°; anaerobic assay method. i i 
Preliminary period, 1 hr. Subsequent activity f j : 
20s | KCN Succinate oxidized Per cent of control ‘ 4 
Gimospheres millimoles per l. micromoles per gm. per hr. 
0.2 0 245 i 
6.9 0 123 50 if 
6.9 | 1 93 38 ag 
6.9 | 5 40 16 aa 
6.9 | 10 24 10 a 
4 
ig 
(15) who, upon the basis of their experiments, have advanced a theory ; iW 
explaining succinate oxidation. a. 
| Our own experiments are in complete conformity with these conceptions. : 4 
, For example when o-iodosobenzoate is used as the oxidizing agent, the 4 a 
_ | Results shown in Table IV were obtained. au 
, Rat diaphragm or slices of liver or heart are, in most instances, markedly ae 
inhibited in their succinic acid dehydrogenase activity by the prior addition 4q i” 
, | small amounts of o-iodosobenzoate. In Experiment 6 a homogenate of 
rat liver was prepared from washed liver slices. The amount of 0-iodoso- ga 
; necessary to oxidize all free —SH groups was determined by the iat 
_ | method described by Hellerman, Chinard, and Ramsdell (16). This iid 
consists in adding an excess of the oxidizing agent by an iodometric titra- iW 
, | ton. The method gives a fairly good estimate of the total free —SH a. 
foups in the homogenate. In this case the addition of o-iodosobenzoate “a 


Upon reduction back to the sulfhydryl form, the enzyme is reactivated. 
These observations have been confirmed, notably by Potter and DuBois 


TaBLe III 


Inactivation of Succinic Dehydrogenase by High Oxygen Pressure in Presence and 
Absence of Cyanide 
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then assayed for activity anaerobically. The data are given in Table III Pai 
from which it may be noted that (1) the preparation was inactivated an 
50 per cent in | hour at 6.9 atmospheres of oxygen; (2) KCN at 0.001 m an 
(sufficient to inhibit completely the cytochrome oxidase as shown by ae 
preliminary aerobic experiments) did not prevent the inactivation, nor did nai 
KCN up to 0.010 Mm; (3) the oxygen inactivation tended to be greater the ay 
higher the KCN concentration, although the KCN has little effect on the at 
anaerobic activity as determined by controls. 7H 

Relation of Sulfhydryl Groups to Oxygen Poisoning—It was shown by J aq 
Hopkins and Morgan (14) that succinic dehydrogenase is dependent for - on 
its activity on the presence in the enzyme molecule of sulfhydryl groups. i : I: 
When these are oxidized to the thiol state, the enzyme is inactivated. i ta 
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equivalent to 125 per cent of the total calculated free - SH groups resulted 
in practically complete inhibition of the succinic acid dehydrogenase 
activity. 

These considerations at once raise the question, is the action of oxygen 
at high pressures that of an oxidizing agent to oxidize the free sulfhydryl 
groups of succinic dehydrogenase and thus inactivate it? Our further 
experiments tend to answer this question affirmatively. 


Taste 


Inactivation of Succinic Dehydrogenase of Rat Tissues by 30 Minutes Preliminary 
Treatment with 0-lodosobenzoate 


Bicarbonate-saline medium; 38°; anaerobic method of assay. 


Experiment No. ——. | a | Succinate oxidized | Inhibition 

me. | micromoles | per cont 
1. Liver slice 49 0.0 24s 

39 1.0 | “4 66 

45 5.0 
2. Heart 46 0.0 | 

56 1.0 2s | 82 

82 5.0 | 18 SS 
3. Diaphragm 119 | 0.0 | “4 | 

135 10.0 17 
4. Heart slice 78 | 0.0 | 104 

73 | 0.010 128 0 

73 0.10 OH 8 

87 | 1.0 42 | 60 
5. Diaphragm 61 0.0 196 | 

73 0.01 110 | +0 

61 0.10 116 | +0 

69 1.0 6S | 36 
6. Liver homogenate 30 0.0 | 730 

30 3.7° 17 Os 


* Equivalent to 125 per cent of total estimated free —SH groups. 


For example, it has been shown repeatedly (Hopkins and Morgan (14); 
Potter and DuBois (15)) that reduced glutathione or cysteine will reduce 
and thereby reactivate succinic acid dehydrogenase previously inactivated 
by oxidation. In Table V are given data showing that succinic dehydro- 
genase inactivated by preliminary treatment with high oxygen pressure 
can be similarly reactivated by treatment with reduced glutathione. A 
rat liver homogenate (100 mg. per ml.) was prepared in distilled water, 
divided into aliquots, and treated for a preliminary period of 2 hours a 
indicated. A second period followed in which one aliquot was treated with 
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reduced glutathione. Following this the samples were assayed by the 
anaerobic method. In each case two amounts of tissue were used and the 
activity calculated from the activity-tissue weight line. The presence of 
reduced glutathione during the assay period introduces no error, for we 
have repeatedly found that at the beginning of the assay period following 
the admixture of ferricyanide to the tissue plus succinate any glutathione 
present is rapidly and completely oxidized within 5 minutes. Thereafter 
evolution of COs. is entirely due to oxidation of succinate. Consideration 
of Table V shows that succinic dehydrogenase was inactivated by high 
oxygen pressure, but subsequent treatment with reduced glutathione 


V 


Reactivation by Reduced Glutathione of Succinic Dehydrogenase of Rat Liver 
Homogenates Preliminarily Inactivated by Oxygen at 7 Atmospheres 


Reactiva- 
Preliminary period, 2 brs., 38° ies period, Subsequent dehydrogenase activity 
hrse., 38° 
Reduce ed ‘ cinate oxi- Per cent of 
Gas Pressure Reduced Tissue COs evolved | dized* contest 
atmospheres micromoles me. micromoles per | 
O-. 7 0 20 0.8 | | 
sa 7 0 40 2.2 | 105 26 
7 36 2.3 | 
- 7 | | 40 6.0 | 277 69 
N, 20 5.5 
400 100+ 
36 40 6| 
Original homogenate 20 | 6.9 | | 
| | 40 | 13.5 | 495 | 125 
Calculated the slope of the two independent determinations. 
t Control sample. 
increased the activity 2.5-fold. Two controls in nitrogen with and without 


an intermediate period with glutathione were not significantly different in 
activity from the homogenate assayed immediately after preparation. 


Similar results were obtained with cysteine as the reducing agent (Table 


VI). In this case homogenates containing 100 mg. of tissue per ml. in 
0.025 m Nas-HPO, were prepared from rat heart tissue. Aliquots were 
exposed to oxygen at 6.9 atmospheres, following which there was, as before, 
A reactivation period in nitrogen with and without cysteine. The tissues 
were then assayed by the anaerobic method. In Experiment 2 the activity 
Which had been cut to 32 per cent of the control by high oxygen pressure 
Was completely restored by the treatment with cysteine. In Experiment | 
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a lesser amount of cysteine was used during the reactivation period and the 
reactivation, though only partial, was significant. 

Prevention of Oxygen Inactivation of Succinic Dehydrogenase by M alonate— 
Hopkins ef al. (17) demonstrated that malonate protects succinic dehydro- 
genase from the inactivation effects of oxidized glutathione Potter and 
DuBois (15) also showed this. The latter authors supposed that the 
free sulfhydryl group of the enzyme is situated between two “affinity 
points” which serve to bind the substrate for the period of time necessary 
for the free sulfhydryl group, acting as an oxidation-reduction system, to 
bring about the oxidation of succinic acid to fumaric acid. The fumarate 


Taste VI 


Reactivation by Cysteine of Succinic Dehydrogenase of Rat Heart Homogenate 
Preliminarily Inactivated by Oxygen at 7 Atmospheres 


Anaerobic assay method; 30 mg. of tissue used in all assays. 


R iv 
oe, 5 hrs, Subsequent dehydrogenase activity 
ent 3R° 
0. 
Gas Pressure Cysteine COs evolved Succinate Per cent of 
1 Or» 7 0 0.7 47 3 
we 7 50 7.7 520 35 
1 0 22.1 1480 100+ 
2 O: 7 0 3.4 170 32 
rs 7 100 10.9 5A5 104 
r 7 100 10.9 545 104 
N: l 0 10.5 525 100t 
7 1 100 11.9 595 113 
x 1 100 12.6 630 120 


* Corrected for the blank in the absence of succinate. 
t Control sample. 


has a diminished affinity for the enzyme and is displaced by another 
molecule of succinate. Malonate is similarly but more firmly bound. 
However, since its structure is such that it is not readily oxidized, it remains 
to “cover” and protect the active sulfhydryl group between the two 
affinity points. Hence the addition of oxidized glutathione will have no 
effect upon the enzyme. 

We have demonstrated that malonate similarly protects the enzyme from 
the inactivating action of high pressures of oxygen. Rat tissue slices were 
used rather than homogenates because it is easier to remove malonate from 
them, a necessary step prior to assay. Preliminary experiments showed 
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that it was possible to immerse slices (0.4 mm.) in phosphate-saline con- : 
taining 0.025 m malonate for 2 to 3 hours without inactivation. For when ; ; | 
the malonate was subsequently removed by washing in the malonate-free a 
medium (three changes, 5 minutes each) and homogenates prepared and ; i 
assayed by the anaerobic method, the activities were the same as those of i : ' 
slices without malonate treatment. In the experiment (Table VII) the a 
slices were equilibrated for a preliminary period with or without malonate “i 

Tacx VII 

Protection by Malonate (0.025 m) of Succinic Dehydrogenase in Rat Tissue Slices e 4 

against Inactivating Effect of Orygen at High Pressures i } | 

Preliminary period | Assay period 

| ag 

l Liver | 0.2 | 2 0 977 | | : 

6.9 0 620 37 

| 6.9 | 2 25 1040 0 Lag 

2 ” | 0.2 | 2 0 518 4a 

| 6.9 | 2 0 403 22 1a 

| 622 0 

3 | o | 0.2 ] 2 | 0 328 fai 

| 6.9 183 44 

| 6.9 291 an 

4 | Heart 1(N:) | 2.5 0 573 ag 

25 588 0 

| 6.9 2.5 0 277 52 i i 

5 Kidney | O(N:) | 2.5 | 0 585 4 ae 

25 630 0 

6.9 | 2.5 | 0 338 42 

| 6.9 | 26 | 353 40 of 

OW) | 3 | 0 460 

, | | 6.9 3 0 
| 6.9 3 25 
) | and with oxygen at 6.9 atmospheres. The malonate was then removed by ‘ 4 
) | Washing, and the slices were homogenized and assayed. From the data a ih 
m Table VII it is seen that in all instances but one the presence of the 1 
1 | Malonate during the preliminary period with high oxygen pressure protected af 
e | Mainst inactivation. In several instances the protection was complete. an 
D Protection by Succinate—It should be expected on the basis of the experi- ; i 
df ments with malonate that succinate should also prevent the inactivation of 4 i" 
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succinic dehydrogenase by high oxygen pressure. Such was found to be 
the case. The experimental data (Table VIII) show, however, that the 
succinate concentration must be relatively high and that the protection is 
only partial. Liver or heart slices were equilibrated during a preliminary 
period in either saline or 0.1 M succinate solutions at | or 7 atmospheres of 
oxygen. The tissues were then washed in saline, converted into homo- 
genates, and assayed by the anaerobic method. The results were somewhat 
irregular but there is clear evidence that, compared to the controls, the 


Taste VIII 


Protection by Succinate of Succinic Dehydrogenase in Slices of Rat Tissue against 
Inactivating Effect of High Oxygen Pressures 


| 
Or Hrs. | succinate oxidized 
aimospheres | mole per |. 
Liver I l | 2.5 0 312 
7.2 | 2.5 0 35 
7.2 2.5 0.1 | 106 
- 0.2 2.5 0 | 330 
0.2 2.5 0.2 440 
8.0 2.5 0 245 
8.0 2.5 0.2 43? 
{il 1.0 3.8 0 
1.0 3.8 0.1 214 
3.8 0 33 
| 3.8 | 0.1 6S 
Heart I 1.0 | 3 | 0 40 
1.0 | 3 | 0.1 | 725 
8.0 | 3 | 0 | 170 
8.0 3 | 0.1 | 480 
1.0 | 0 350) 
1.0 3 0.1 315 
8.0 3 | 0 115 
8.0 3 0.1 205 


presence of 0.1 M succinate diminished significantly the inactivating effeets 
of high oxygen pressure. 

Succinic Dehydrogenase Activity of Brains of Rats Killed by High Oxygen 
Pressures—The possibility that the inactivating effect of high oxygen 
pressure might be greater in vivo than in vitro was tested. Rats were 
exposed to 8 atmospheres of oxygen until dead (20 minutes at 8 atmos- 
pheres). Following decompression, homogenates were prepared from these 
brains and assayed anaerobically. For comparison homogenates of brains 
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from normal rats were similarly assayed. The data are shown in Table LX. 
Itis evident that exposure of 20 minutes to high oxygen pressure sufficient to 
kill the animal does not inactivate succinic dehydrogenase of the brain. 
This is in conformity with our experiments in vitro which showed that 
exposures to 7 atmospheres of oxygen for | hour or more were required to 
produced significant inactivation of the enzyme. 

Effect of High Oxygen Pressure on Cytochrome Oxidase—Heart, liver, or 
brain tissues from white rats, either as slices or homogenates, were exposed 
in a preliminary period to high oxygen pressure at 38°. These tissues 
together with appropriate controls, usually maintained in air, were then 
assayed for cytochrome oxidase activity by one of the two methods de- 
scribed; viz., (a) the oxygen uptake in presence of p-phenylenediamine or 
(b) oxygen uptake in presence of ascorbic acid. The homogenates were 


IX 
Succinic Dehydrogenase Activity of Brain Homogenates of Rats Killed by 
Exposure to 7 Atmospheres of Oxygen 


Assay at 38° by anaerobie method; activity calculated from 30 minute assays on 
Sand 50 mg. of tissue. 


— 


Normal rats | Exposed rats 
Experiment No. l ian Succinate oxidized ; | Experiment No. | Succinate oxidized 
| micromoles per gm. perhr. macromoles per em. per hr. 
I | 192 | | 200 
2 | 228 | 2 208 
3 | 208 | 3 192 
Mean........ 209 + 11 | 200 + 5 


prepared in water and the slices were maintained in customary phosphate- 
saline. All assays were carried out at 38°. The results of these experi- 
ments are given in Table X._ In no case were we able to find any effect of 
high oxygen pressures up to 7 atmospheres for 3 hours on the cytochrome 
oxidase activities of these tissues. 

Effect of High Oxygen Pressure on Cytochrome c—-The importance of 
cytochrome c in tissue metabolism prompted a study of the effect of high 
oxygen pressure upon its activity. A solution prepared from horse heart 
containing 0.38 micromole per ml. was subjected at 38° to 6.9 atmospheres 
of oxygen for 2 hours. ‘The activity of this preparation compared to that 
of a contro] maintained in air for the same length of time was measured as 
follows: The cytochrome oxidase activity of a rat heart homogenate was 
measured in the presence of ascorbic acid and cytochrome c. Without 
cytochrome c such a preparation is practically inactive. The data of the 
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TaBLe X 
Effect of Ozygen at High Pressure upon Cytochrome Oxidase Activity of Rat 
Tissues at 38° 
Subsequent cyto 
Bei: Experiment No. Tissue Preliminary period with Or = 
Oxygen uptake 
atmos pheres hes. 
ta I-a Heart slices 0.2 1 195 
7 l 244 
te I-b 0.2 3 253 
7 3 213 
168 
4 Assayed at once 
II-a Liver homogenate 0.2 | 1 198 
7 | l 198 
II-b 0.2 | 249 
Be 7 l 268 
. 7 | 3 191 
III ‘Heart | 0.2 | 2° 1920 
ce | 0.2 | 2 1600 
ae 7 | 2 1520 
IV Liver 0.2 1.5* 960 
: bf: 7 | 1 5 1200 
op | 7 | 1.5 1230 
Brain | 0.2 | 1.5° 500 
1.5 | 610 
+ In Experiments I and II the substrate was p-phenylenediamine; in kxperiments 
III to V, ascorbic acid; in Experiments I and II oxygen uptake was corrected for the 
blank in the absence of substrate; in Experiments III to V oxygen uptake was 
calculated from the difference obtained with two weights of tissue. 
* Maintained in air at 0°. 
Tasie XI 
Effect of Oxygen at High Pressures on Cytochrome c 
Subsequent cytochrome oxidase activity (0.2 micromole cytochrome ¢ added) 
period, 2 hrs. $$$ $$$ $$$ 
Rat heart homogenate | uptake 
4 aimospheres mg. tissue | micromoles per 20 min | 
te 0.2 5 | 6.0 | 
t 0.2 10 8.9 1740 
7 5 | 6.0 
7 10 | 9.0 1800 
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assay are given in Table XI. It is evident that cytochrome c exposed to 
high oxygen pressure is just as active in this system as in the control 
sample kept in air. 


DISCUSSION 


Tbe succinoxidase and cytochrome oxidase systems together account for 
the major portion of the oxidative metabolism of tissues. It would be 
expected, then, that any agent having toxic effects upon them should 
sriously impair the metabolic functions of the intact animal. Many 
investigators have attempted to show that the poisonous effects of oxygen 
at high pressure are due primarily to inhibitory effect upon oxidative 
enzyme systems. ‘This view, pushed to its limit, holds that oxygen poison- 
ing is an acute anoxia due to a rapid inactivation of essential enzyme 
systems, a state termed “hyperoxic anoxia.’”” We have emphasized in a 
previous paper (18) that the effects following sudden exposure to oxygen 
at high pressure (about 8 atmospheres) may be divided into two phases, 
(a) an acute phase manifested in the intact animal, characterized by con- 
vulsions, collapse, and death, and (b) a subacute phase, observed in tissues 
in vitro, characterized by a slow but definite decrease of total metabolism 
reflected in a decreased oxygen uptake. The time element in this latter 
phase is so great, relative to that of the acute phase, that it is difficult to 
believe that generalized enzymatic inactivations can play any rdéle in the 
early death of the animal. This conclusion is well borne out when the total 
oxygen uptake of intact animals is measured at 8 atmospheres, for in this 
case the oxygen uptake does not decrease, even though marked symptoms 
of oxygen poisoning occur, until just before collapse and death. 

The experiments reported here on two individual enzyme systems 
strongly support this view. We have been unable to show any inhibitory 
action whatever by oxygen at high pressure upon the cytochrome oxidase 
system. On the other hand the succinoxidase system is inhibited in the 
course of time, but as a rule very prolonged exposures (1 to 3 hours) are 
required to produce appreciable decreases. 20 to 25 minutes exposures to 
8 atmospheres, which usually kill intact rats with violent symptoms of 
pisoning, hardly have any effect upon succinoxidase. Furthermore 
animals killed by oxygen show no significant differences from controls in the 
activity of succinoxidase prepared from their brains. Metabolic deficiencies 
due to the inhibition of this enzyme system must therefore be ruled out as a 
cause of death which follows exposure to high oxygen pressure. 

The possibilities that enzymatic inhibitions play a réle in the case of 
a animal subjected to a much lower pressure of oxygen but for a longer 
period of time, ¢.g. | atmosphere for 1 to 3 days, must be considered. 
lt is impossible to expose tissues in vitro for such prolonged periods. But 
we have studied the total oxygen uptake of lung slices in dogs exposed for 
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48 hours to | atmosphere of oxygen and have found it to be about normal. 
However, judgment must be reserved until data on tissues and individual 
enzymes from such animals are available. 

The chemical mechanisms by which oxygen at high pressure produces 
enzymatic inhibitions are of prime significance in an understanding of the 
phenomenon. Those thus far prop: sed in the literature have been reviewed 
in detail by the present authors (2). The prominence given in the litera- 
ture to Libbrecht and Massart’s oxrygéne actif hypothesis prompted us 
to test it thoroughly. Experiments of some six different types failed to 
give any evidence indicating that the cytochrome oxidase system played a 
role in reacting with oxygen at high pressure to inactivate succinic dehydro- 
genase. We are therefore compelled to conclude that the production of 
any substance as oxrygéne actif by interaction of oxygen and cytochrome 
oxidase must be excluded as a cause of oxygen poisoning of succinoxidase, 

But in view of Bean and Bohr’s (13) recent experiments, it is hazardous 
to exclude the possibility that a cyanide-sensitive system, which may be 
cytochrome oxidase, reacts with oxygen at high pressure to cause inactiva- 
tion of enzymes other than succinoxidase. ‘The mechanism of this hy- 
pothetical interaction is unknown and had better not be ‘‘fixed”’ by any 
appellation, especially such a vague one as “‘oxrygéne actif.’ 

Bean and Bohr found that the tonus of the pyloric sphincter of the 
rabbit was rapidly and markedly decreased by oxygen at high pressure. If 
cyanide was present in the medium, this toxic action of oxygen was elimi- 
nated. However, since the tonus itself was unaffected by cyanide alone, 
they proposed that the metabolism responsible for the maintenance of tonus 
was dependent upon ‘‘dehydrogenases’”’ rather than the succinoxidase 
system. Oxygen at high pressure reacts with the cytochrome oxidase 
system, bringing inactivation of these dehydrogenases with resultant loss 
of tonus. Bean and Bohr assumed that a mechanism similar to that 
proposed by Libbrecht and Massart was operative here. 

It need hardly be emphasized that our experiments are in conflict with 
those of Libbrecht and Massart, but not with Bean and Bohr’s. Obviously 
further experimentation is needed to clarify the réle of eyanide-sensitive 
systems in oxygen poisoning. Until then definitive proposals of mecha- 
nisms are premature. 

On the other hand our experiments show quite conclusively that the 
mechanism of inactivation of succinic dehydrogenase is that of oxidation 
of the active sulfhydryl group to the inactive thiol form. The situation 
here is essentially that found by Hopkins ef al. in the inactivation of 
succinic dehydrogenase by oxidation by oxidized glutathione or cystine. 
The protection afforded by malonate and succinate against the inactivating 
oxidation indicates strongly that the hypothesis of Potter and DuBois 
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that malonate ‘covers’? the —-SH group holds with high oxygen as it does 
with cystine. It is premature to assert that inactivation of enzymes in 
all cases is due to oxidation of sulfhydryl groups. Other mechanisms may 
be operative with other enzymes. 

The resistance of cytochrome oxidase to oxygen at high pressures is 
consistent with our general experience with other enzymes; viz., that the 
susceptibility of enzymes varies greatly, some being easily inactivated, 
whereas others are completely resistant. 


SUMMARY 


1. Experiments on the effect of oxygen at high pressure on succinic 
dehydrogenase, cytochrome oxidase, and cytochrome c are reported. 

2. Oxygen at 7 atmospheres inactivates the succinic dehydrogenase of 
rat liver, kidney, or brain. The rate of inactivation, however, is relatively 
slow. 

3. The inactivation of cytochrome oxidase by the addition of cyanide 
does not eliminate the poisonous action of oxygen on succinic dehydro- 
genase. From this it is concluded that the mechanism of oxygen poisoning 
isnot one in which eytochrome oxidase forms ‘‘activated oxygen”’ which in 
turn inactivates succinic dehydrogenase. 

4. Succinic dehydrogenase inactivated by oxygen at high pressure is 
reactivated by reduced glutathione or cysteine. The presence of malonate 
or high concentrations of succinic acid protects the enzyme from the 
poisonous action of oxygen. The relation of these findings to the mecha- 
nism of inactivation by oxygen is discussed. 

5. The succinic dehydrogenase activity of brain tissue of rats killed by 
oxygen at 7 atmospheres is not different from that of normal animals. 

6. Cytochrome oxidase and cytochrome c are unaffected by oxygen at 
7 atmospheres. 

7. The significance of these findings in the general problem of oxygen 
poisoning is discussed. 


BIBLIOGRAPHY 


1. Bert, P., La pression barometrique, Paris (1878); Barometric pressure, translated 
by Hitcheock, M. A., and Hitcheock, F. A., Columbus (1943). 

2. Stadie, W. C., Riggs, B. C., and Haugaard, N., Am. J. Med. Sc., 207, 84 (1944). 

3. Bean, J. W., Physiol. Rev., 26, 1 (1945). 

4. Lehman, J., Skand. Arch. Physiol., 72, 78 (1935). 

5. Bean, J. W., and Bohr, D. F., Am. J. Physiol., 129, 310 (1940). 

6. Libbrecht, W., and Massart, L., Compt. rend. Soc. biol., 117, 264 (1934). 

i. Potter, V. R., and Elvehjem, C. A., J. Biol. Chem., 114, 495 (1936). 

Stadie, W. C., and Riggs, B. C., J. Biol. Chem., 164, 687 (1944). 

9. Quastel, J. H., and Wheatley, A. HL. M., Biochem. J., 32, 5 (1938). 


OF 
wii 


4 
2a 
§ 
. 
; 
3 
¢ 
> 
re 
= 
? 
a4 
=. 
x4 * 


174 OXYGEN POISONING. V 


_ Schneider, W. C., and Potter, V. R., J. Biol. Chem., 149, 217 (1943). 
. Potter, V. R., and DuBois, K. P., J. Biol. Chem., 142, 417 (1942). 

. Keilin, D., and Hartree, E. F., Proc. Roy. Soc. London, Series B, 122, 298 (1937). 
. Bean, J. W., and Bohr, D. F., Am. J. Physiol., 142, 379 (1944). 

. Hopkins, F. G., and Morgan, E. J., Biochem. J ., 32, 611 (1938). 

_ Potter, V. R., and DuBois, K. P., J. Gen. Physiol., 26, 391 (1943). 
_ Hellerman, L., Chinard, F. P., and Ramsdell, P. A., J. Am. Chem. Soc., 68, 2551 


(1941). 


. Hopkins, F. G., Morgan, EF. J., and Lutwak-Mann, C., Biochem. J., 32, 18% 


(1938). 


_ Stadie, W. C., Riggs, B. C., and Haugaard, N., J. Biol. Chem., 160, 191 (1945). 


Ur 


= 
| 
10 
1l 
12 
13 
14 
15 
1 BY 
17 
ae 
im 
al 18 
3 
i. 
2 > 
Sey 
ae 
+ 
38 
De 
4 


OXYGEN POISONING 


VI. THE EFFECT OF HIGH OXYGEN PRESSURE UPON ENZYMES: 
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The possibility that the phenomenon of oxygen poisoning may be 
explained on the basis of enzyme inactivations by oxygen at high pressure 
has been discussed since the time of Bert. We have reviewed the literature 
on this subject (1), and in recent papers have reported on the inhibiting 
action of high oxygen on certain enzyme systems. But that some enzymes 
are unaffected by high oxygen was early recognized. Bert (2), for example, 
reported that salivary diastase, pepsin, invertase, and myrosin were un- 
aflected. In this paper we report on four enzymes: pepsin, catalase, 
carbonic anhydrase, and cholinesterase. We have been unable to show 
that exposure to oxygen at 7 to 8 atmospheres has any effect upon their 
activity. 

Pepsin—The preparation was a crystalline one obtained from Lehn and 
Fink. It was dissolved in water but not dialyzed and therefore contained 
sme MgSO,. Activity was determined by the method of Riggs and 
Stadie (3). In essence this method depends upon the photoelectric 
determination of the rate of decrease of turbidity of a homogenized egg 
white suspension when acted upon by the enzyme. Activity is expressed in 
terms of the monomolecular constant of proteolytic digestion. The data 
of a typical experiment are shown in Table I. Four solutions of .pepsin of 
different concentrations were exposed to 7 atmospheres of oxygen for 2 
hours at 38°. Four parallel samples were similarly shaken in air. The 
samples were then assayed for activity. There was no significant effect 
upon peptic activity following the exposure to oxygen at high pressure. 

Catalase—The catalase activity of two different tissue preparations was 
studied. In addition experiments were done on a purified crystalline 
catalase which was kindly given to us by Dr. J. B. Sumner of Cornell 
University. The preparations were exposed in a small pressure chamber at 
38° to 7 atmospheres of oxygen for a preliminary period of 4 hours. Follow- 


*The work described in this paper was done under a contract, recommended by 
the Committee on Medical Research, between the Office of Scientific Research and 
Development and the University of Pennsylvania. 
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ing decompression, they were assayed at room temperature. Parallel 
samples, serving as controls, were maintained in air (or nitrogen in one case) 
under the same conditions. The method of assay depended upon the 
measurement of the rate of decomposition of hydrogen peroxide in the 
presence of the enzyme. A conventional Warburg respirometer was used. 
The main vessel contained 1 ml. of 0.25 mM sodium phosphate at pH 68 
and the catalase preparation in a convenient amount. The side sae 
contained 0.5 ml. of 0.5m H.O.. The total volume was brought to 3.5 ml. 
The vessels were equipped with manometers and were shaken rapidly in a 
water bath at 18°. When temperature equilibrium was reached, the 
contents of the two compartments were admixed, the tap to the manometer 
closed, and the rate of evolution of oxygen determined manometrically, 


TABLE ! 


Activity of Pepsin, Catalase, and Cholinesterase Following Preliminary Exposure to 
7 Atmospheres of Oxygen 


No.of Prelimina 

Enzyme preparation experi- treatment with Subsequent 
ments oxygen | activity 


| hrs = 
sample 
Pepsin Crystalline | 412i 3 100+ 0 
Catalase | 2 | 4 38109 4 9 
Human red blood cells 2] 4 380s 
Rat liver homogenate 20 7 
| 4 | 4 | 8 | Bes 
Cholinesterase Human serum 4 
1 4 | 38 100t 
Homogenate of rat brain | 2 4 | 38 | 03+ 2 


* Assayed by Method 1. 
t Assayed by Method 2. 


Rectilinear rates of evolution were obtained and the activity was calculated 
from that of the first 15 minute period. The data are assembled in Table I. 
The mean activity compared to the controls is not significantly different 
from 100 per cent. At 20° there is no evidence that oxygen at 7 atmos 
pheres has any effect upon the catalase activity. At 38° there is some 
tendency for loss of activity in the liver preparations, but this was not 
the case with red blood cells or crystalline catalase. It is apparent that 
catalase is highly or completely resistant to oxygen at 7 atmospheres 
for 4 hours. 

Cholinesterase—The striking prominence of symptoms of the central 
nervous system in oxygen poisoning lends interest to the study of the effect 
of oxygen at high pressure upon cholinesterase. For this purpose, serum 
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and homogenates of rat brain were exposed in a preliminary period at 38° 
to oxygen at 7 atmospheres. Following decompression they were assayed 
for cholinesterase activity. In all cases parallel samples serving as controls 
were maintained under identical conditions in air. 

Methods of Assay—-Two methods were used. Method 1 was of the 
conventional type and depends upon the measurement of the rate of 
evolution of CO, from a bicarbonate solution due to the hydrolysis of the 
acetylcholine by the enzyme. The conventional Warburg vessel equipped 
with a manometer was used. ‘The main vessel contained the enzyme 
system in 0.03 M NaHCO,;. The side sac contained 0.5 ml. of 2.5 per cent 
acetylcholine. ‘The total volume was adjusted to 3.5 ml. with NaCl 
solution sufficient to make a final concentration of 0.1 mM. The gas phase 
was 5 per cent CO, and 95 per cent Ne. The vessel was shaken in a water 
bath at 38° and when temperature equilibrium was reached the contents 
of the two compartments were admixed and the tap to the manometer 
dosed. ‘The rate of evolution of CO. was determined for the period 5 to 
35 minutes after mixing. 

Method 2 allowed of the determination of esterase activity during the 
period of high oxygen pressure. It depends upon the fact that acid 
formation by hydrolysis of the acetylcholine changes the pH of the phos- 


phate medium. ‘The change can be measured by the glass electrode.- 


From this and the composition of the medium it is possible to calculate the 
rate of hydrolysis of the acetylcholine. 1 ml. of serum was added in a 
small Erlenmeyer flask to 6 ml. of a buffer solution of the following com- 
position: NaelIPO, 0.080 um, Nall,PO, 0.020 m, NaCl 0.010 m. To this 
was quickly added 1 ml. of a 2.5 per cent acetylcholine solution in 0.150 m 
NaCl. A sample was immediately removed and the pH rapidly deter- 
mined. ‘The flask was then quickly brought to 7 atmospheres of oxygen 
ina small pressure chamber containing water at 38°. Shaking was started 
and at the end of | hour the pH! of the reaction mixture was again deter- 
mined. ‘The acid formation was calculated and expressed as microequiva- 
lents per ml. ‘The results of the experiments are given in Table I. It is 
obvious that whether the activity is measured during exposure to high 
oxygen or following a period of 4 hours exposure there is no effect of oxygen 
at 7 atmospheres upon the enzymatic cholinesterase activity of serum or 
brain homogenate. 

It has been shown by Nachmansohn and Lederer (4) and Barron and 
Singer (5) that the activity of cholinesterase depends upon free —SH 
goups. We have previously shown (6), in the case of succinic dehydro- 
genase, that oxygen at high pressure inactivates the enzyme by oxidizing 
the sulfhydryl group. Its failure to do so in the case of cholinesterase re- 
quires comment. It is of course possible that the use of higher pressures 
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of oxygen for a longer period of time than were employed by us might haye 
brought about inactivation by this mechanism. However, Barron hag 
emphasized the fact that —-SH groups of enzymes vary considerably in 
their susceptibility to oxidizing or other reagents. This apparently applies 
to oxygen as well, and cholinesterase is an example of a sulfhydryl enzyme 
resistant to oxygen at high pressure. In other words the fact that an enzyme 
is of the sulfhydryl type need not signify that its activity will be inhibited 
by oxygen. 

That the —SH group in cholinesterase is resistant to oxidizing agents 
other than oxygen is brought out by the following experiment. The 
amount of free -—-SH groups present in human serum was determined by 
the method of Hellerman, Chinard, and Ramsdell (7). Sufficient o- 
iodosobenzoate was then added to the serum to oxidize to 100 or 200 per 
cent of the total free —-SH groups. The results compared to controls are 
given in Table II. It is apparent that o-iodosobenzoate even in amounts 
twice that necessary to oxidize all —-SH groups in the serum has little or no 


TaB_e Il 
Effect of o-Iodosobenzoate upon Cholinesterase Activity of Human Serum 


Per cent of sulfhydryl groups Esterase activity as acid 
0-lodosobenzoate added oxidised 


micromoles per mil. 


per ml. per kr. 


0 0 72 
3.9 100 70 
7.8 200 67 


effect upon the cholinesterase activity. This observation is consistent with 
the enzyme’s resistance to high oxygen pressure and the properties of other 
—SH enzymes, some of which are inactivated with difficulty by sulfhydryl 
reagents (cf. Barron and Singer (8)). 

Carbonic Anhydrase—Disturbed transport of CO, by the blood as a 
factor in oxygen poisoning has been reviewed by Stadie, Riggs, and 
Haugaard (1) and by Bean (9). Carbonic anhydrase plays an important 
role in this transport and for these reasons we determined the anhydrase 
activity of red blood cells before and after exposure to 8 atmospheres of 
oxygen. 

Method of Assay—Red blood cells were washed twice with saline. The 
packed cells were diluted 1:10 with water and after 10 minutes the solution 
was centrifuged heavily. The supernatant solution was used for the 
experiments. 

The assay was carried out at 5° in a Warburg vessel equipped with @ 
manometer. The vessel was also equipped with a hollow side stop-cock 
which contained 1.0 ml. of 0.5 m phosphate at pH 6.8. This could be 
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admitted into the main vessel at the beginning of the assay. The main 
yessel contained 1.0 ml. of 0.025 m NaHCO, in 20 per cent glucose. The 
glucose was used to give the contents of the main vessel a high density. In 
consequence, the contents of the side stop-cock when admitted floated on 
top until the shaking was begun. ‘The shaking was rapid and control 
experiments showed that it was sufficient to eliminate slow physical 
diffusion of CO.-out of the aqueous phase as a cause of error. Upon 
admixture of the reagents by shaking, readings were begun. Since all 
assays were made under the same conditions, the results are expressed in 
terms of changes of level of manometer fluid in mm. per second. H.CQOs; 
is formed instantaneously upon the mixing of the bicarbonate and acid 
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mmired blood cells 


Fic. 1. Effect of preliminary exposure to high pressure of oxygen at 38° on the 
carbonic anhydrase activity of red blood cells. O unexposed sample. @ sample 
exposed to 8 atmospheres of oxygen for 1 hour; * sample exposed to 8 atmospheres of 
oxygen for 2 hours. 


phosphate. The HCO; then breaks down to COs, the rate being dependent 
upon the amount of carbonic anhydrase catalyzing the reaction. The 
results of the experiment are shown in Fig. 1. The following points are 
noted. (1) The velocity of dehydration of HsCO; as measured by the 
rate of evolution of CO, is a rectilinear function of the amount of carbonic 
anhydrase added in the red blood cells. (2) 1 or 2 hours preliminary 
exposure to 8 atmospheres of oxygen have no effect upon the carbonic 
anhydrase activity. 


DISCUSSION 


The finding that some enzymes are completely or highly resistant to the 
action of oxygen at high pressure increases the probability that the inhib- 
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itory action upon the susceptible ones is due to some specific type of 
oxidizing reaction dependent upon the structure of the active group of the 
enzyme. The various types of inactivating reactions which have beep 
already more or less defined have been discussed by us (1). The faet that 
one type of active group reacts with oxygen in one enzyme so that inhibition 
of activity occurs is no indication, however, that the same group in another 
enzyme will react similarly. This is illustrated by ous experience with 
cholinesterase. Although it isa sulfhydry! enzyme, it is resistant tooxygen 
at high pressure, unlike other sulfhydryl enzymes, for example suceinie 
dehydrogenase. 

It is to be further noted that three of the oxygen-resistant enzymes 
reported upon in this paper as well as those discussed by Bert, viz. pepsin, 
salivary diastase, invertase, myrosin, cholinesterase, and carbonie 
anhydrase, are enzymes which catalyze the addition or subtraction of 
water. We know of no reports showing that such hydrolytic enzymes are 
affected by oxygen. In the case of urease and arginase (1) the inactivation 
observed with crude preparations in the presence of oxygen is eliminated 
by further purification of the enzyme. On the basis of this, one might 
draw the general conclusion that the active group of enzymes of this type 
is of a character resistant to the oxidizing action of oxygen at high pressures. 
In contrast, many enzymes concerned with oxidation-reductions are sus- 
ceptible. 


SUMMARY 


1. The enzymatic activities of preparations containing pepsin, catalase, 
cholinesterase, and carbonic anhydrase were determined before and after 
exposure to oxygen at high pressure. No significant changes were observed. 

2. Cholinesterase is an example of a sulfhydryl enzyme unaffected by 


oxygen. 


BIBLIOGRAPHY 


1. Stadie, W. C., Riggs, B. C., and Haugaard, N., Am. J. Med. Sc., 208, 84 (1944). 

2. Bert, P., Barometric pressure, translated by Hitchcock, M. A., and Hitcheoek, 
F. A., Columbus (1943). 

3. Riggs, B. C., and Stadie, W. C., J. Biol. Chem., 160, 463 (1943). 

4. Nachmansohn, D., and Lederer, L.., Compt. rend. Soc. biol., 180, 321 (1939). 

5. Barron, E. 8. G., and Singer, T. P., Science, 97, 356 (1943). 

6. Stadie, W. C., and Haugaard, N., J. Biol. Chem., 161, 153 (1945). 

7. Hellerman, L., Chinard, F. P., and Ramsdell, P. A., J. Am. Chem. Soc., 68, 2251 
(1941). 

8. Barron, E.5.G., and Singer, T. P., J. Biol. Chem., 167, 221 (1945). 

9. Bean, J. W., Physiol. Rev., 26, 1 (1945). 


mel 
thre 
wer 
of 
bec: 
The 
or | 
limi 
seq 


pa 
? 
3 
\ 
if 4, 
> 
+3] 
4 
brat 
4 
lo 
+ * 
if acti 
| 
ing] 
j 
$ 
at were 
£ 
4 
De 
axe & 
| 


OXYGEN POISONING 
VII. THE EFFECT OF HIGH OXYGEN PRESSURE UPON ENZYMES: 
URICASE, XANTHINE OXIDASE, AND d-AMINO ACID OXIDASE* 


By WILLIAM C. STADIF ann NIELS HAUGAARD 


(From the John Herr Musser Department of Research Medicine, University of 
Pennsylvania, Philadelphia) 


(Received for publication, August 21, 1945) 


As part of a general study of the problem of oxygen poisoning experi- 
ments on the effect of oxygen at high pressure upon individual enzyme 
systems have been reported (1). Further studies are reported here on 
three enzymes. lricase and xanthine oxidase were selected because they 
were concerned with purine metabolism. d-Amino acid oxidase, though 
of problematical significance in mammalian metabolism, is of interest 
because it is a well studied enzyme representing the flavin enzyme group. 
The method of study was similar to that hitherto used. Tissue slices 
or homogenates were exposed to elevated pressures of oxygen in a pre- 
liminary period. They were then assayed for enzyme activity in a sub- 
sequent period. ‘Tissue from white rats was used throughout. 


Effect of Oxygen upon Uricase and Nanthine Oxidase 


Both of these enzymes are abundant in homogenized preparations of 
rat liver; hence it was convenient to study them together. Upon equili- 
bration of the tissue with xanthine, the oxidation proceeds in two steps 


to allantoin, rrz. 


Xanthine = uric acid + 2H 
Urie acid = allantoin + 2H 


Since it was shown in all assays for xanthine oxidase activity that uricase 
activity was not a limiting factor, it is possible to assume that 1 mole of 
oxygen corresponds to the oxidation of | mole of xanthine. On the other 
hand, when uric acid is the substrate, 1 mole of oxygen corresponds to the 
mxidation of 2 moles of urie acid. All activities were calculated accord- 
ingly. 

Method of Assay The method is essentially that of Axelrod and Elve- 
hem (2). Instead of a differential manometer, two Warburg respirometers 
were used, one with and the other without xanthine. The main compart- 

* The work described in this paper was done under a contract, recommended by 


the Committee on Medical Research, between the Office of Scientific Research and 
Development and the University of Pennsylvania. 


Isl 


> 
| 
‘= 
4 
$3 
‘ 


Fag? 
* 
? 
é 
A 
i 
- 
¥ 
» 
é 
4 3 
J 
¥ 
¥ 
on 
» 
} 
™ 
a 
4 
4 
“a 
of 
* 
\ 
% 
ge 
: A 
3 
Ab 
a 
4 4 
¥ 


182 OXYGEN POISONING. VII 


ment of the respirometer contained a 1:10 liver homogenate with 200 to 
300 mg. of tissue. The side sac contained 0.15 ml. of 0.050 M neutral 
xanthine solution (except in the blanks). The center well was equipped 
with an alkali filter roll inset to absorb the CO, formed. 20 minutes after 
temperature equilibrium had been reached (38°), the contents of the two 
compartments were admixed and the oxygen uptake measured against 
time. After the first 5 minutes a rectilinear rate was usually observed 
for the subsequent 40 minutes. The rate with xanthine was corrected by 
subtracting the rate without xanthine. From this was calculated the 
rate of xanthine oxidation in micromoles per gm. of tissue per hour. The 
rate of uric acid oxidation was also determined. In all cases this was go 


great in comparison with the xanthine oxidation that it was possible to — 


TABLE [ 


U ricase and Xanthine Oxidase Activity of Rat Liver Homogenate Following Preliminary 
Exposure at 88° to Oxygen at 7 Atmospheres 


Subsequent activity 
Preliminary period 
Urate oxidized Xanthine oxidized 
atmospheres Oz hrs. per of contra micromoles | per cent co mirol 
79 | 90 | 28.5 | 9S 
1 2 80 107 | 12.2 45 
71 81 8.3 29 
| 98 83 25.0 70 
7 2 | 59 87 2.8 s) 
90 
7 4 | 68 113 0.0 | 0 


assume that each mole of oxygen uptake corresponded to the oxidation 
of 1 mole of xanthine, according to the above equation. 

The uricase activity was determined in the same way. In this case the 
side sac contained 0.3 ml. of 0.04 m sodium urate to give a final concentra- 
tion of 0.006 M. 

Experimental Results—Preliminary experiments showed that xanthine 
oxidase was stable in liver homogenate for 48 hours at 0°. The activity 
was independent of the concentration of xanthine when this was varied 
from 0.0013 to 0.0075 m. In Table I are assembled the data showing the 
effects of oxygen. In all cases parallel samples maintained in | atmosphere 
of Nz were used for comparison. In no cases were we able to show that 
oxygen at pressures up to 7 atmospheres for 4 hours had any effect upon 
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the uricase activity of the homogenate. On the other hand, xanthine 
oxidase is very sentitive to oxygen. Oxygen at 1 atmosphere for 2 hours 
was sufficient to decrease the activity to 29 to 70 per cent of the control. 
At 7 atmospheres the inhibition was practically complete in 2 hours and 
entirely so in 4 hours. The sensitivity of xanthine oxidase to oxygen is 
brought out by the data shown in Fig. 1. Here are plotted the ratios of 
sctivities of a liver homogenate in oxygen and air. While the activity in 
air is well maintained, that in oxygen falls off rapidly to half the control 
yalue in about 40 minutes. Complete inactivation was observed in about 
2 hours. 


S 


n 


Activity in oxygen/Activity in air 


40 30 720° 160 


minutes 


~ 


Fic. 1. The ratio of the xanthine oxidase activity of rat liver homogenate in 1 
atmosphere of oxygen and in air as a function of time. 


Inactivation of Xanthine Oxidase in Tissue Slices—Slices of rat liver in 
buffered medium were exposed to 7 atmospheres of oxygen for 3 hours 
at 38°. They were then homogenized and assayed for xanthine activity. 
The data are collected in Table IJ. Compared to the control samples, 
the xanthine oxidase activity fell to a very low level following the exposure. 
ih two instances (choline acetylase and d-amino acid oxidase) we have 
found that the enzyme activity of slices of tissue was unimpaired by 4 
hours exposure to 7 atmospheres of oxygen, whereas inactivation is rapid 
when the homogenized tissue is exposed. In the case of xanthine oxidase 
the enzyme was found to be approximately equally susceptible to oxygen 
whether the tissue was in the form of a homogenate or in slices. 

Possible Formation of Inhibitor of Xanthine Oxidase by Oxyqgen—We have 
previously discussed (3) the possibility that exposure of tissues to oxygen at 
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high pressure may result in the formation of inhibitors which specifically 
inhibit the action of certain enzymes. This possibility was investigated 
in the case of xanthine oxidase as follows: Rat liver homogenate was exposed 
to oxygen at 7 atmospheres for 2} hours. Its xanthine oxidase activity 
was reduced to approximately one-third of the unexposed tissue. The 
original active and exposed inactivated saniples were then mixed ig 


TaB_e II 
Inactivation of Xanthine Oxidase in Liver Slices by Exposure to Oxygen at? 


Atmospheres 
Preliminary period, 3 hrs. ee 
icromol 
Slices kept in saline at room temperature...................... | 21.4 
‘* jin saline exposed to 7 atmospheres of O. at 38°.......... | 2.8 
40 
3 
< 
P30 
= 
$20 
< 
x 
0 25 50 75 100 


% of original homogenate 


Fic. 2. Xanthine oxidase activity of mixtures of active and oxygen-inactivated 
(7 atmospheres) rat liver homogenate. 


various proportions and assayed. The data are shown in Fig. 2. The 
activities of the mixtures were found strictly additive, as is shown by the 
rectilinear relation between activity and the proportions of the two samples. 
In other words, there was no evidence that the inactivated homogenate 
contained any substance which inhibited the activity of the unexposed 
homogenate. 
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Effect of Orygen upon d-Amino Acid Oxidase of Rat Kidney 


d-Amino acid oxidase was selected as a representative flavin enzyme. 
it was studied in homogenates or slices, rat kidney being selected as the 
gurce of the enzyme. ‘These preparations were subjected to the action 
of oxygen in a preliminary period, following which they were assayed for 
ytivity. Suitable controls were run in parallel. 

Method of Assay —Homogenates of fresh rat tissue were prepared by 
the Potter-Elvehjem method in distilled water at 0°. 1 mil. contained 
100 mg. of tissue. ‘Tissue slices were prepared by the Stadie-Riggs (4) 
method. ‘The d-amino acid oxidase activity was determined by measuring 
the rate of oxygen uptake in the presence of d/-alanine or valine. The 
conventional Warburg vessel was used, the main compartment of which 
contained the tissue and 1 mil. of 0.125 mM sodium pyrophosphate at pH 
84. The side sac contained 0.25 ml. of 1.0 m d/-alanine or valine and 0.1 
ml. of a solution of partially purified flavin adenine dinucleotide. The final 
yolume was 2.5 ml. (Cilass-distilled water was used throughout. When 
temperature equilibrium was reached (38°), the contents of the com- 
partments were admixed, the tap to the manometer closed, and readings 
begun. The rate of oxygen uptake was usually uniform for a period of 
% to 30 minutes and the activity of the preparation was calculated from 
this in terms of micromoles of oxygen per gm. of tissue per hour. With 
homogenates, the oxygen uptake in the absence of substrate was so small 
that it could be neglected. With tissue slices, parallel samples of tissue 
equilibrated without substrate were also run. The oxygen uptake of 
these samples was used as a blank to correct that found in the presence of 
substrate. ‘The difference is assumed to measure the d-amino acid activity. 
Unless an inhibitor of ‘‘“endogenous”’ oxygen uptake is used, the blank with 
slices is large. ‘lo diminish this blank arsenite at 0.005 mM was used. Ex- 
perience has shown that this is a reliable method for determining d-amino 
acid oxidase activity of slices. 

Effect of Oxygen on Homogenates—Experience soon showed that d-amino 
acid oxidase in homogenates is so sensitive to oxygen that the effect can 
be demonstrated by subjecting the homogenate in a preliminary period 
oairat 38°. The data are assembled in Table III. 

The following points are to be noted: (1) When the homogenate is 
maintained in vacuo at 38° for 2 hours, the loss of d-amino acid oxidase 
activity determined in the subsequent assay was 20 per cent and about 
equal to the loss of the sample maintained in air at 0°. (2) Samples equili- 
brated at 38° with N» at 1 atmosphere lost activity, but those samples 
equilibrated in air decreased to a significantly greater extent. The loss 
dactivity in nitrogen might possibly be explained by assuming that small 
amounts of oxygen were still present in the system. 
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TaB_e III 
Effect of Oxygen upon d-Amino Acid Oxidase Activity of Rat Kidney Homogenate 


Experi- 
ment No. 


Preliminary period, 2 hrs. 


Gas phase 


II 


Ill 


Assayed immediately 
Vacuum 

Air 

Assayed immediately 
Air 

Ne 

Air 

Assayed immediately 

Air 

Assayed immediately 
Ne 

Air 

Assayed immediately 
Ne 

Air 


| Tempera- 


Subsequent activity 


ture 100 mg. 
tissue) 


So & 


| 


| 


SE 82S BB BRO 


micromoles 
per em. per 
hr. 


158 
126 
138 


7 


Experiments I, III, IV, and V, substrate dl-alanine; Experiment II, dl-valine. 


Oxygen uptake with no substrate essentially 0. 


Fic. 3. Effect of preliminary exposure at 38° to nitrogen, air, or 1 atmosphere of 


% of original activit 


100 


y 


0.2 or latm. O> 


0 30 


60 90 120 


minutes 


oxygen upon the d-amino acid oxidase activity of rat kidney homogenate. 


Preset 


| uptake in | 
i 
| (per cont of the 
| Control 
| 
Control 
| 87 | 
| 24 15 | 
he | 114 100 
| 48 | 42 
| 30 | 26 
aR 166 Control 
4 | | 59 36 
19 
| 235 Control 
| ae 130 Control 
P | | 35 27 
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The loss of d-amino acid activity in the presence of Nz occasioned some 
doubt as to the reality of the greater loss in the presence of oxygen. The 
reality of the effect of oxygen, however, is demonstrated by the data shown 
in Fig. 3. Rat kidney homogenate was exposed in a preliminary period 
at 38° to oxygen for varying lengths of time and then assayed. The loss of 
activity in nitrogen is apparent as before, but there can be no doubt that 
the loss in air is significantly greater and more rapid. In this case, in- 


TaBLe IV 


Effect of Oxygen upon d-Amino Acid Oxidase Activity of Rat Kidney Homogenate in 
Presence of Crystalline Catalase 


Subsequent activity; dl-alanine as substrate 


Preliminary period, 2 hrs. in air at 38° 
Catalase added 


uptake 
per mi. per cent of control 
0 12 7 
0 15 9 
320 12 | 7 
320 12 7 
Assayed immediately 161 Control 
TABLE V 


Effect of Oxygen upon d-Amino Acid Oxidase Activity of Rat Kidney Slices 


Subsequent activity 
Experiment No. Preliminary period, 2 hrs. at 38° 
Excess uptake 
with valine 
aimos pheres per cent of control 

I Ne 1 103 Control 

0.2 97 

7 79 82 
II Ne 1 107 Control 

7 98 91 


creasing the oxygen tension from 0.2 atmosphere (air) to 1 atmosphere 
did not enhance the degree or rate of inactivation. 

It is known that hydrogen peroxide is formed when an amino acid is 
oxidized by oxygen in the presence of d-amino acid oxidase. It is con- 
ceivable that sufficient excess of hydrogen peroxide may form in the homo- 
genate and inactivate the enzyme. No support was found for this 
hypothesis in the experiment shown in Table IV, in which a very large 
excess of crystalline catalase was added to the kidney homogenate during 
the preliminary period of 2 hours exposure at 38° to air. It was assumed 
that under these circumstances no excess of HO, could form. Subse- 


te 


ny 


<a 
; 
‘ 
wy 
& 
= 
a 
*; 
¢ 
< 4 
rap 
4 
& 
“ay 
- - 
? 
i a 
& 
— 
i 
& BS. 
a. 
hee: 
aa 
i 
| 
* a 
-~ 
ow 


» 


188 OXYGEN POISONING. VII 


quent assay showed that loss of activity was practically complete ire. 
spective of whether added catalase was present or not. 

Effect of Oxygen on Tissue Slices—We have noted in the case of choline 
acetylase that the enzyme is extremely susceptible to oxygen in homo. 
genized tissue, but completely resistant when the tissue is exposed in the 
form of slices. The same observation was made in the case of d-amino 
acid oxidase. Rat kidney slices were exposed at 38° in a preliminary period 
to oxygen up to 7 atmospheres for 2 hours. They were then assayed for 
d-amino acid oxidase activity with dl-valine as substrate. In all cases 
control slices were assayed in the absence of substrate to determine the 
blank ‘‘endogenous”’ oxygen uptake. This ranged from 15 to 20 per cent 
of the oxygen uptake with substrate. All assays were carried out in the 
presence of 0.005 M arsenite to diminish the value of the blank. The data 
of the experiment are shown in Table V. It is seen that the ability of the 
slices to oxidize di-valine was not significantly impaired by the preliminary 
exposure to oxygen at 7 atmospheres. 


SUMMARY 


1. The effect of a preliminary exposure of rat tissue to oxygen at high 


pressure upon the subsequent uricase, xanthine oxidase, and d-amino acid 
oxidase activities was studied. 

2. Uricase is unaffected by 4 hours exposure to 7 atmospheres of oxygen. 

3. Xanthine oxidase, in either homogenized or sliced tissue, is rapidly 
inactivated by oxygen. 

4. d-Amino acid oxidase in homogenized tissue is very susceptible to 
oxygen. In tissue slices, however, it appears to be unaffected by exposures 
of 2 hours to 7 atmospheres of oxygen at 38°. 
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OXYGEN POISONING 


Vill. THE EFFECT OF HIGH OXYGEN PRESSURE ON ENZYMES: THE 
SYSTEM SYNTHESIZING ACETYLCHOLINE* 


By WILLIAM C. STADIE, BENJAMIN C. RIGGS, anp NIELS HAUGAARD 


(From the John Herr Musser Department of Research Medicine, University of 
Pennsylvania, Philadelphia) 


(Received for publication, August 21, 1945) 


Man and experimental animals when subjected to elevated pressure 
of oxygen quickly show symptoms of nervous origin. For example, rats 
when exposed to 8 atmospheres of oxygen develop within a few minutes 
uneasiness, twitching, tonic and clonic spasms, opisthotonus, body rigidity, 
and generalized convulsions. Within 15 to 25 minutes collapse and death 
follow. We have already pointed out (6) that these symptoms are mani- 
festations of the acute phase of oxygen poisoning. In a systematic study 
we have been unable to show that during this phase there is any decrease 
in the activity of the enzymatic systems thus far studied. Nor is there 
any significant decrease in the total oxygen uptake, until just before death 
ofthe animal. In other words, no outstanding disturbances of metabolic 
activity were demonstrable. On the other hand, what we call the subacute 
phase is characterized by a slow decrease of activity of several important 
metabolic enzymes demonstrable by studies of tissues and enzymes in vitro. 
But the time element in these two phases is decidedly different. The 
acute phase develops within a few minutes; the subacute phase requires 
} to 2 hours for development. 

In consequence of these findings, the exact part played by enzyme in- 
hibition in the phenomenon of oxygen poisoning is problematical. It 
appears safe to conclude that there is at present no proof that such in- 
hibitions are the fundamental cause of the remarkable series of ill events 
which follows immediately upon exposure to high oxygen pressures. In 
other words, the exact nature of the rapidly developing mechanisms term- 
inating in death remains a matter of speculation. 

In a discussion of mammalian nervous reactions, acetylcholine occupies 
& major position. We have already shown ,(7) that cholinesterase is 
completely resistant to oxygen at high pressures. There remained to be 
tested the obvious possibility that the enzyme systems concerned in the 
synthesis of acetylcholine might be peculiarly susceptible. In that event, 


* The work described in this paper was done under a contract, recommended by 
the Committee on Medical Research, between the Office of Scientific Research and 
Development and the University of Pennsylvania. 
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sudden cessation of acetylcholine synthesis upon exposure to elevated 
pressures of oxygen might conceivably explain the severe ensuing traip 
of nervous symptoms. 

In the experiments here reported, the general method hitherto used 
was followed: The enzymatic activity of tissues in vitro was determined 
either during or after exposure to pressures of oxygen at 7 to 8 atmospheres, 
In all cases the white rat was used as a source of material. 

The experiments reported are of two types. 

It has been known since the work of Quastel, Tennenbaum, and Wheatley 
(3) that slices, minces, or homogenates of brain when equilibrated aero- 
bically in a medium containing glucose will synthesize acetylcholine. 
Accordingly synthesis under these circumstances was measured during 
exposure to high pressures of oxygen. Samples at 1 atmosphere of oxygen 
served as controls. 

Nachmansohn and Machado (2) have demonstrated that there is an 
enzyme in brain, choline acetylase, which is extremely active in synthesizing 
acetylcholine. With extracts or homogenates of brain as the source of 
the enzyme and adenosine triphosphate to furnish energy-rich phosphate, 
it is possible to demonstrate under anaerobic conditions a high rate of 
synthesis, approximately 10 to 15 times that observed aerobically with 
slices of brain. Apparently the potential capacity of the enzyme greatly 
exceeds that used for normal function, a finding in general accord with 
experiences with other enzyme systems. Presumably Nachmansohn and 
Machado’s anerobic method gives a better indication of the total choline 
acetylase content of the tissue than does the aerobic method employing the 
slice. Accordingly, slices were exposed to high oxygen pressure in a pre- 
liminary period and, after conversion to homogenates or extracts, assayed 
for choline acetylase activity. Control experiments showed that this 
method gave reliable measurements of the enzyme activity of slices of 
brain. In addition, extracts of brain were exposed in a preliminary period 
and their subsequent activity measured. 

In all experiments measuring synthesis eserine or physostigmine must be 
present in suitable concentration. Otherwise, acetylcholine will be rapidly 
hydrolyzed by the cholinesterase of the tissues and no accumulation will 
occur. 


Methods 


Experiments with Slices—0.35 or 0.5 mm. slices of brain of large white 
rats were prepared by the tissue microtome of Stadie and Riggs (5). The 
suspending medium had the following composition: 0.070 m NaCl, 0.005 
m KCl, 0.030 m Nae-HPO,, 0.010 m NaH,PO,, 0.002 m MgCh, choline 
0.005 m, 0.4 per cent glucose, eserine 1:10,000. The slices from one brain 
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(600 to 900 mg.) were divided equally between two small Erlenmeyer flasks 
containing 3 mi. of the medium kept at 0° until the beginning of the 
experiment. The gas phase was oxygen at 1 atmosphere or 8 atmospheres, 
s small pressure chamber being used in the latter case. The flasks were 
brought to 38° and gently shaken in a water bath. One sample was 
prepared at once for analysis to give the initial value; the second was 
dmilarly treated at the end of the experimental period. The difference 
between these two values gives the amount of acetylcholine synthesized. 

Preparation for Analysis—Minor modifications occurred during the 
course of the work, but in principle the method was as follows: It has 
been abundantly shown (e.g. (1)) that acetylcholine exists in two forms, 
(a) free and hence demonstrable in the medium, and (b) bound (presumably 
with protein) and hence not demonstrable unless released by appropriate 
methods. Accordingly, the medium from the slices was filtered off and 
analyzed separately. ‘The slices containing the bound acetylcholine were 
transferred to a solution of 0.005 m HCl, 0.005 m Nas_HPO,, and eserine 
1:50,000. The slices were then homogenized in this medium with the 
Potter-Elvehjem homogenizer and allowed to stand at room temperature 
for l hour. ‘The sample was then placed in boiling water for 2 minutes, 
centrifuged, and the sedimented tissue washed twice with the acid medium. 
Supernatant and washings were carefully neutralized, made up to 10 ml., 
and kept at 0° until analyzed. In later experiments, the determination 
d free and bound acetylcholine was discontinued because we were unable 
to demonstrate any need for the separate determinations. In this case 
the original medium was brought to 0.005 m with respect to HCl and the 
method pursued essentially as described with tissue above. 

Many control experiments in which known amounts of acetylcholine 
were added to tissue were done to test the various steps in the above method 
d@ preparation. The results convinced us that the method was sound. 

Experiments with Homogenate of Brain—-The methods were essentially 
the same as with slices. In the preparation of the tissue for analysis the 
medium was adjusted to pH 5.5 by the addition of an acetate buffer. To 
thease bound acetylcholine the heating at 100° was continued for a period 
d40minutes. As before, all steps were controlled by recovery experiments 
vith known amounts of added acetylcholine. 

Whereas the acidification of the tissue is necessary to release bound 
wetyicholine, the necessity of heating, particularly at pH 2, is in question. 
Oa this point we followed the method of Abdon and Hammarskjéld (1), 
but some control experiments indicated that at the more acid reaction the 
heating may safely be omitted. 

Anaerobic Assay of Choline Acetylase—The method was essentially that 
@ Nachmansolhin and Machado (2). This requires the preparation of a 
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cell-free extract of tissue which is subsequently assayed for enzymatic 
activity. Weighed samples of rat brain were homogenized with the aid 
of a small amount of fine quartz powder in 5 parts of the following medium: 
0.065 m sodium phosphate (pH 7.0), 9.05 m KCl. The tissue suspension 
was centrifuged at 2000 k.p.m. for 3 minutes and then filtered through 
gauze. The reaction was carried out in Thunberg tubes. 1 ml. of the 
extract was placed in each tube. The side compartment contained 0.25 
ml. of a solution sufficient to give concentrations in the final reaction 
mixture approximating 0.02 m sodium acetate, 0.03 mM sodium fluoride, 
0.06 per cent physostigmine sulfate, 0.002 m choline chloride, and 0.006 
M adenosine triphosphate. The tube was then thoroughly evacuated and 
placed in a water bath at 37°. After 3 minutes, the reaction was started 
by admixture of the contents of the two compartments. After 15 minutes, 
the reaction was terminated by the addition of 0.5 ml. of 0.3 Mm HC in 
0.07 m phosphate. After 30 minutes at room temperature, the solution 
was neutralized, made up to volume, and analyzed for acetylcholine. 

Determination of Acetylcholine—The contractile response of the frog 
rectus abdominis was used. The suspending medium of frog-Ringer- 
bicarbonate contained eserine 1:50,000. The muscle lever was a high 
inertia type designed by Riggs (4). The magnification was approximately 
20. A kymograph was dispensed with, the pointer readings being read 
on a scale. Samples of fixed volume were added to the medium and the 
change of reading of the pointer recorded after 5 minutes. The muscle 
was then washed with fresh medium and allowed to relax to the original 
position (5 to 15 minutes) before a new determination was made. Each 
muscle was standardized with known amounts of acetylcholine and the 
unknown samples were interspersed with known samples. As a rule, 
closely agreeing results were obtained with different muscles. Under the 
conditions selected amounts of acetylcholine from 0.2 to 0.6 y could be 
determined with an error not exceeding 5 per cent. 


Results 


Aerobic Synthesis of Acetylcholine by Rat Brain Slices A comparative 
study of the rate of synthesis under | and 8 atmospheres was made. The 
methods used were those already outlined. The data are given in Table L 
With the exception of two aberrant results, the synthesis of acetylcholine 
at 1 atmosphere of oxygen by slices of rat brain tissue was reasonably 
uniform and approximately of the order found by Quastel et al. (3). When 
the slices are equilibrated in 8 atmospheres of oxygen, no significant differ- 
erence in rate of synthesis was found. In four experiments free and bound 
acetylcholine was determined separately, but the results are combined 
in Table I because the division failed to show anything of significance. 
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Apparently the system of enzymes synthesizing acetylcholine in slices 
of brain is resistant to oxygen at 8 atmospheres for a period of 1 hour. 

Aerobic Synthesis by Brain Homogenates—-With homogenates, the aerobic 
synthesis of acetylcholine by parallel samples at 1 and 8 atmospheres of 


Tasie I 

Aerobic Synthesis of Acetylcholine by Slices of Rat Brain during 1 Hour’s Exposure 
at 38° to 1 or 8 Atmospheres of Oxygen 

Medium, saline-phosphate (pH 7.4) + 0.2 per cent glucose. The results are ex- 

pressed in micrograms per 100 mg. of brain. 


1 atmosphere Os, 8 atmospheres 

Ret No. ] “Initial | Final | Synthesis | Rat No. | Initial Final Synthesis 

) 69 10.6 | 6.3 10 4.7 14.4 | 9.4 

11.4 6.5 11 7 25.5 | 16.8 

3 8.8 21.3 | 12.5 | 22.5 16.0 

4 3.8 18.8 15.0 13 5.3 10.7 5.4 

5 4.0 6.7 | 2.7 14 4.2 11.2 7.0 

6 4.2 | 12.2 | 8.0 15 5.0 10.4 5.4 

7 43 | 3.8 /|—0.5° 16 2.8 12.8 10.0 

10.2 \—1.9* 17 3.1 11.5 8.4 

9 | 3.3 13.0 | 9.7 Pg 5.1 7.7 2.6 
Mean + standard error of | 

9.0+1.7 
* Excluded from the mean. 

Taste ll 


Aerobic Synthesis of Acetylcholine by Homogenates of Rat Brain during Exposure at 
38° to 1 or 8 Atmospheres of Oxygen 
Medium, saline-phosphate (pH 7.4) + 0.2 per cent glucose. 


Acetylcholine synthesis, per 400 mg. tissue 
Homogenate No. | Exposure 

On, 1 atmosphere On, 8 atmospheres 

| 4.6 4.1 

2 1 4.2 4.3 

3 2 | 4.0 4.0 

4 3 | 4.6 4.4 


- 


oxygen could be compared. Exposures were extended up to 3 hours. 
The results of the experiments shown in Table II confirm the results with 
brain slices. ‘There was no decrease in synthesis at the higher pressure of 
oxygen. 
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Choline Acetylase—-The aerobic synthesis of acetylcholine in intact 
tissue is presumably due to a complex of enzymes. In contrast, choline 
acetylase is presumably a single enzyme which will catalyze the synthesis 
of acetylcholine from choline and acetic acid anaerobically provided adeno- 
sine triphosphate is present to serve as a donor of energy-rich phosphate. 
By the method of Nachmansohn and Machado already outlined, an estima- 
tion of the acetylase activity of brain slices can be made. In control 
experiments different weighed slices from the same brain were converted 
to extracts and then assayed according to the method. Substantial 
concordance was found and it was thus possible to treat brain slices by 


III 


Effect of Preliminary Exposure to 8 Atmospheres of Oxygen upon Subsequent 
Choline Acetylase Activity of Slices of Rat Brain 


O:, 1 atmosphere, 38° 
‘* 8 atmospheres, 38° 


anaerobic 
Rat No. Preliminary period 
synthesized per gm. 
tissue per hr. 
min. 7 
1 Vacuum, 38° 15 69 
O:, 1 atmosphere, 38° 86 
‘* § atmospheres, 38° 86 
2 Vacuum, 38° 30 56 
O:, 1 atmosphere, 38° 30 
‘* 8 atmospheres, 38° 37 
3 Vacuum, 0° | 30 72 
1 atmosphere, 38° 45 
‘* 8 atmospheres, 38° 57 
4 Vacuum, 0° 30 | 92 
38° 52 
64 
82 


different methods and subsequently assay them for enzyme activity. 
Accordingly slices were maintained in vacuo in 1 or 8 atmospheres of oxygen 
for varying periods of time and then assayed anaerobically. From the 
experimental results assembled in Table III it is again apparent that this 
more direct method of measuring specific enzyme activity fails to show any 
effect of oxygen at high pressure upon activity. 

The situation was found to be different when the enzyme in extracts 
prepared as described under “Methods” was exposed to high oxygen 
pressure. Under these circumstances, the enzyme is quite susceptible 
to oxygen, activity being rapidly lost, as the data collected in Table IV 
show. This observation is not unique and has been encountered in the 
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case of d-amino acid oxidase. Apparently some enzymes normally re- 
sistant become susceptible to oxygen when removed from their cellular 


milieu. 


Tasie IV 


Effect of Preliminary Exposure to 8 Atmospheres of Oxygen upon Subsequent Choline 
Acetylase Activity of Extracts of Rat Brain 


Subsequent anaerobic 
choline acetylase 

Rat No. Preliminary period activity; acetylcholine 

synthesized per gm. 

original tissue per hr. 
min Y 
1 Vacuum, 0° 15 | 141 
37° 98 
O,, 1 atmosphere, 37° 39 
** 8 atmospheres, 37° | 10 
2 Air, 0° 15 142 
Vacuum, 37° | 165 
O;, 1 atmosphere, 37° 73 
3 Vacuum, 37° | 60 43 
Air, 37° | 56 
O,, 8 atmospheres, 37° | 15 
4 Vacuum, 37° 60 77 
Air, 0° 135 
O;, 8 atmospheres, 37° 12 


DISCUSSION 


The importance of acetylcholine in the functioning of the nervous system 
and the unusual prominence of severe symptoms of the central nervous 
system in acute oxygen poisoning make it tempting to associate the two 
as cause and effect. We have attempted to make this association by 
experiments of two types and have been unsuccessful. In the present 
series of experiments we measured the enzymatic activity concerned with 
acetylcholine synthesis in the brain by two methods. We could not show 
that oxygen at high pressure had any effect upon the aerobic synthesis of 
acetylcholine by brain slices or homogenates. Nor did exposure diminish 
the choline acetylase activity, as determined by subsequent anaerobic 
assay, of brain slices exposed to excess oxygen. In a large series of ex- 
periments, the results of which are as yet unreported, we attempted to 
prevent oxygen poisoning in intact rats under 8 atmospheres of oxygen 
by controlled intraperitoneal injections of acetylcholine. In this we were 
unsuccessful. 

We are unaware of any other experiments in the literature which im- 
plicate acetylcholine in the phenomenon of oxygen poisoning. 
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The curious finding that choline acetylase in extract form is very sus- 
ceptible to oxygen remains to be explained, together with the parallel 
finding in the case of d-amino acid oxidase. 


SUMMARY 


1. The aerobic synthesis of acetylcholine by slices or homogenates of 
rat brain is unaffected by exposure to oxygen at high pressure. 

2. The choline acetylase activity of slices of rat brain is likewise un- 
impaired by excess oxygen. However, cell-free preparations of acetylase 
are rapidly inactivated by oxygen. 

3. The relation of these findings to the problem of oxygen poisoning is 
discussed. 
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ANAEROBIC GLYCOLYSIS IN NERVOUS TISSUE* 


By M. F. UTTER, HARLAND G. WOOD, ann JOHN M. REINER 
(From the Department of Physiology, University of Minnesota, Minneapolis) 


(Received for publication, July 30, 1945) 


During the course of a study of the effect of poliomyelitis on the metabo- 
lism of nervous tissue, it became necessary to devise a suitable method for 
the assay of the enzymes of anaerobic glycolysis of nervous tissue. The 
most feasible measurement seemed to be one conducted in such a way as 
to give a value for the potential glycolytic rate of tissue. Homogenates 
offer an opportunity to study tissue in this manner if conditions can be 
maintained under which enzymes are the limiting factors. 

Examination of the literature shows that studies of the rate of anaerobic 
glycolysis of nervous tissue are mainly limited to reports with brain tissue. 
The activities of brain homogenates (Q4, values of 4 to 10) (1, 2) are some- 
what inferior to the activities of brain slices (QX4, values of 15 to 17) 
(3, 4) and greatly inferior to those of cell-free extracts of brain (Q4, 
values of 35 to 50) (3,5). We have been able to show that the glycolytic 
activity of homogenates can be made to exceed even that of cell-free 
extracts if the proper additions of coenzymes and phosphate esters are 
made. Active cell-free extracts and homogenates have been prepared 
from cerebrum, cerebellum, medulla, and spinal cord. The activity of 
these preparations decreased in the order named. 

This report-is an account of the methods used in the preparation of 
glycolytic extracts and homogenates from nervous tissue, and a study of 
the properties of such preparations, especially with a view to their use for 
assay purposes. 


Methods 


Hooded rats weighing between 150 and 250 gm. were used in all of these 
experiments, although the methods have been applied equally well to 
cotton-rats' and in part to mice (6). 

The general method of preparation of extracts and homogenates follows: 
The rats were placed under very light ether anesthesia, decapitated, and 
the brain and spinal cord were removed. Very little of the peripheral 
herve material was included with the cord. In most experiments, the 
medulla was detached by cutting through the pons and added to the spinal 
cord. This pooled preparation will be termed ‘‘cord” hereafter, while 


*Aided by a grant from The National Foundation for Infantile Paralysis, Inc. 
‘Wood, H. G., and Utter, M. F., unpublished experiments. 
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the remainder of the brain including the cerebellum, cerebrum, and mid- 
brain will be called “brain.” Both preparations may have contained 
part of the pons, since it was difficult to separate it entirely from either, 

After the material was rapidly weighed to an accuracy of approximately 
2.5 mg. on a small torsion balance, 4 parts by weight of ice-cold distilled 
water were added to the tissue and the mixture was homogenized in a 
Potter and Elvehjem type of grinder (7). 

If the tissue was to be used as a homogenate, there was no further treat- 
ment. If extracts were to be prepared, the homogenates were incubated 
for 15 minutes in an ice bath and then centrifuged for 15 minutes in a 
type SP Sorvall angle centrifuge at approximately 2400 k.p.m. The 
extracts, especially cord, are not decanted easily and must be removed 
carefully after centrifugation with a capillary pipette. The centrifugation 
is sufficient to give a clear extract from brain and a slightly cloudy prep- 
aration from cord. 

The experiments were carried out for the most part in small Warburg 
vessels (7 to 9 ml. total capacity) under an atmosphere of 95 per cent N, 
and 5 per cent CO, at 37.5°. A typical experiment with all the components 
necessary for complete activation includes the following substances, 
expressed as final concentrations, in a total volume of 1.0 ml.: extract or 
homogenate equivalent to 20 mg. of wet tissue; 0.048 m NaHCO; 0.01 w 
NazHPO,-KH2PO, buffer (pH 7.3); 0.028 m glucose; 0.0025 Mm _ hexose 
diphosphate (HDP); 0.0007 m adenosine triphosphate (ATP); 0.0005 m 
diphosphopyridine nucleotide (DPN); 0.008 m MgCl.; and 0.04 m nicotin- 
amide. Unless otherwise indicated, the tissue was placed in the side 
arm of the vessel and all other solutions in the main chamber. 

In experiments in which chemical analyses were conducted, the contents 
of the Warburg vessel were diluted with 1.5 ml. of water and aliquots 
measured out into calibrated test-tubes containing the appropriate de- 
proteinizing agents, which are described below. Phosphate was deter- 
mined in a trichloroacetic acid filtrate by the method of Fiske and Subbarow 
(8) as modified by Lohmann and Jendrassik (9). Lactic acid was deter- 
mined in a CdSO,-NaOH filtrate by the colorimetric method of Barker 
and Summerson (10). Glucose was determined colorimetrically by the 
method of Folin and Malmros (11) in a tungstie acid filtrate. The deter- 
minations were made with the Evelyn or Klett-Summerson photelometers. 

DPN was prepared from bakers’ yeast according to Williamson and 
Green (12). A biological assay with an apozymase from bakers’ yeast 
(13) indicated a purity of approximately 50 per cent. ATP was prepared 
from rabbit skeletal muscle by the methods of Kerr (14) and Needham 
(15). The barium salt on the basis of the 7 minute phosphate was at 
least 95 per cent pure if calculated as the tetrahydrate. The ratios of 
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ribose to phosphorus and of 7 minute hydrolyzable phosphorus to total 
phosphorus equaled the calculated theoretical ratio. HDP was prepared 
as the sodium salt from the commercial barium salt. 


EXPERIMENTAL 


Nature of “Inhitntor” of Brain Glycolysis—Early in this investigation 
it was realized that, in order to obtain full and sustained activity of nerv- 
ous tissue preparations, it would be necessary to understand the nature 
of the ‘inhibitor’ of glycolysis found in brain extracts by Geiger (3, 16) 
and later by Ochoa (5). Both of these investigators reported that as the 
proportion of brain extract to total reaction fluid was raised a decreasing 
rate of glycolysis per unit of brain extract resulted. In order to obtain 
good activity, the brain extract had to be highly diluted. Ochoa found 
almost complete inactivity when an extract of 1 part of brain and 4 parts 
of water constituted approximately 1.0 ml. of the total volume of 1.5 to 
2.0 ml. of reaction mixture. This action, if unchecked, would greatly 
interfere with attempts to use the extract for enzyme assays, since the 
activity would not be proportional to enzyme concentration. 

We have found that this inhibitory action can be controlled if certain 
precautions are observed in the use of DPN with the brain and cord prep- 
arations. It is probable that a DPN nucleotidase, of the type reported 
by Mann and Quastel (17) and Handler and Klein (18), is responsible for 
the effect. Both of the above reports showed that added nicotinamide, 
presumably one of the products of the nucleotidase reaction (18), had a 
protective action on added DPN. The results presented in Fig. 1 show 
that nicotinamide has a Similar effect with brain and cord extracts. In 
these experiments, the concentration of DPN was 0.0005 m and the extracts 
were equivalent to 44 mg. of tissue in a total volume of 2.0 ml. of reaction 
mixture. The extracts were prepared by homogenizing in 8 parts of 
distilled water rather than 4 parts, since, as will be shown later, the inhibi- 
tory action can be demonstrated at much lower concentrations of extract 
when 1:8 preparations are used. Curves 1 and 4 respectively show the 
results with brain and cord extracts when no protection for the DPN from 
the nucleotidase was provided. The activity fel off rapidly after 10 
minutes and ceased entirely in 30 to 40 minutes. At the points indicated, 
an addition of DPN equal to the initial amount was made from a side 
arm. +9‘This addition caused an immediate increase in the rate which was 
still evident in the brain extract at 60 minutes, but the rate of the cord 
extract had again begun to decline at this point. This response to DPN 
ean be interpreted as evidence that lack of DPN was responsible for cessa- 
tion of activity. As additional evidence, Curves 2 and 5, 0.04 m nicotin- 
amide was.added to the reaction mixture to protect the initially added 
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DPN.. An approximately linear rate of gas evolution resulted in beth 
cases and there was no evidence of the action of an inhibitor in either 


extract. 


I 
Protection of Diphosphopyridine Nucleotide by Bicarbonate Incubation 
Experiment No. | Components in side arm during preliminary incubation CO: in © min. 
1 Brain extract 162 
2 | NaHCO,, DPN 460 
3 | 19 
4 NaHCO, 64 


Brain extract (1:8) equivalent to 44 mg. in a total volume of 2.0 ml. Components 
as usual except nicotinamide not present. Preliminary incubation period, 23 
minutes at 37.5° under air. At the end of this period, 95 per cent N» and 5 per cent 
CO, were passed through the flasks for 7 minutes. Total elapsed time before 


tipping, 33 minutes. 


Ne protection 3 4 No protection 
2 004M WNicotmomede 5 004M WNicotmemde 
Bicorboncte imcubation 2 6 Bicerboncte meudotion 
X- odditione! OPN 
400 
6 
5 
a 


re) 20 40 60 re) 20 40 60 
Time in Minutes 


Fig. 1. Protection of diphosphopyridine nucleotide from nucleotidase during 
glycolysis of brain extract. Addition of DPN equal to the initial amount at X. 


A protective measure has been found for DPN which is exclusive of 
nicotinamide addition and which gives equally good or even better results 
(Fig. 1, Curves 3 and 6). This method, at present empirical, consists of 
an incubation of the extract with NaHCO, and DPN in the side arm of 
the Warburg vessel for about 30 minutes prior to addition of the other 
constituents of the reaction mixture. Table TI illustrates the fact that all 
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three of these components must be present during this incubation period 
if subsequent protection of the DPN is to result. If the extract is incubated 
alone in the side arm, activity starts at a normal rate but soon diminishes 
in a manner similar to Curve 1 of Fig. 1. If the extract is incubated with 
either NaHCO; or DPN without the other component, almost complete 
inactivity results. Inclusion of all three components gives linear activity. 
The incubation protection is successful only if carried out before gas is 
introduced, apparently because the pH is lowered from above 8 to about 
7.5 by the gassing. The presence of oxygen appears to have little effect 
on the process. 

The exact nature of this effect is unknown at present but is under further 
investigation. Bicarbonate can be replaced by at least one other alkaline 


400}- 
200F- 
= 
E 
ana 


005 OM O2 O25 O03 O35 O04 
mi. Brain Extroct 
Fig. 2. Change in glycolytic activity with increase in concentration of brain extract 


buffer, glycine, but the latter has a different and higher pH range and is 
generally less effective. 

If the nucleotidase action were entirely responsible for the ‘‘inhibitor’’ 
effect that was reported by Geiger (3) and Ochoa (5), it should be possible 
to demonstrate a linear relationship between extract concentration and 
activity when the nucleotidase activity is curbed. This has been done in 
the experiment of Fig. 2, in which nicotinamide has been used to protect 
the DPN. A linear relationship exists at least as far as a concentration of 
0.4 ml. of brain extract per ml. of reaction mixture. Therefore, we believe 
that inactivation of the DPN alone is sufficient to account for the inhibitor 
effect previously observed. 

It should be emphasized that the nucleotidase problem is present in 
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homogenates as well as in extracts and to a greatly intensified extent. 
Apparently, a large part of the nucleotidase is removed by centrifugation 
of 1:4 extracts. Nicotinamide exerts a protective effect in homogenate 
experiments, as will be demonstrated later, but bicarbonate incubation 
is not successful. In all subsequent experiments, nicotinamide was added 
to the redction mixture unless otherwise indicated. 

It has been our general impression, although accurate quantitative 
assays of nucleotidase are not available, that the nucleotidase content of 
the cord exceeds that of brain. This impression is based on the fact that 
glycolysis by cord preparations could not be maintained linear as readily 
as with brain preparation. The glycolysis in both cases was reactivated 
by addition of DPN. 

Effect of Variation in Preparation of Extracts —-Geiger (3) prepared extracts 
by grinding the brain in a mortar with 4 parts of either ice-cold dilute 


TaBLe Il 
Effect of Homogenization Fluid on Activity of Brain Preparations 


| Activity 
Experiment No. Homogenization fluid COs 
| Extract |  Homogenate 
| | 

Distilled water 50.0 46.5 

2 Isotonic saline 18.3 | 31.5 

3 0.08 m NaHCO, 26.8 | 41.3 

4 0.05 ‘* phosphate buffer (pH 5.6) 12.0 32.0 


° QNS, = ¢.mm. of CO, per hour per mg. of dry weight. The brain is assumed to 
have a dry weight of 20 per cent of the wet tissue. The activity is for the first 
60 minute period. 


phosphate buffer (pH 5.6) or water, and then centrifuging. We have 
found that homogenization in the usual type of grinder (7) gives extracts 
of comparable activity and is a much more convenient process. 

The effect of the nature of the homogenization liquid has been investi- 
gated (Table II) and it has been found that distilled water gives the best 
results. In these experiments, two rats were decapitated and the brains 
were extirpated and the medullas detached. Following this, the brains 
were halved longitudinally and homogenized as follows: first brain, one- 
half in distilled water and one-half in isotonic saline; second brain, one- 
half in 0.05 m phosphate buffer (pH 5.6) and one-half in 0.08 m NaHC0; 
In this particular experiment, homogenization in any of the solutions other 
than distilled water gave extracts with about 50 per cent or less of the 
activity of the water extracts; the results are somewhat variable, however. 
The activity of the phosphate extract is slightly at variance with the results 
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of Geiger who found such extracts about half as active as water extracts. 
The discrepancy may be due to differences in centrifugation, since the 
extent of that process is not described in Geiger’s report. 

The second column of Table II lists the activity of the corresponding 
homogenates; 7.e., uncentrifuged preparations. The activity of the water 
homogenate (I:xperiment 1) is lower than that of the water extract, 
although this is one of a very few cases in which this has been observed. 
In all cases, however, the activities of the other homogenates are less than 
that of the water preparation. : 

The volume of water used in homogenization makes little difference in 
the activity of extracts if nicotinamide is added to protect the DPN (first 
column of Table III). However, if nicotinamide is omitted (second 
column), the volume of extracting liquid becomes important. With a 
ratio of 1 part of tissue to 4 parts of water, nicotinamide has no effect, 
indicating that nucleotidase is not present in large quantities. Changing 


III 
Effect of Volume of Homogenization Fluid on Brain Preparations 


N:* 
Experiment No. Ratio, Ho 
With No nicotinamide 
1 1:4 extract 31.3 31.6 
2 1:8 ” 38.9 19.6 
3 1:12 = 32.2 12.0 
4 1:4 homogenate 50.4 11.2 


* Activity for the first 60 minute period. 


the ratio to 1:8, or to 1:12, gives preparations with reduced activity 
compared to the preparations to which nicotinamide was added. This is 
an indication that nucleotidase is extracted to a much greater extent with 
larger volumes of extracting liquid. A corresponding 1:4 homogenate 
(Experiment 4) shows high activity when nicotinamide is added but is 
strongly inhibited in its absence. It is, therefore, clear that the nucleo- 
tidase is not destroyed by 1:4 homogenization but rather is not extracted. 
If the homogenization is performed at 1:4 dilution and then additional 
fluid is added during the extraction period, the same effect is obtained as 
when the homogenization is done at the final dilution. 

It is interesting to note that Handler and Klein (18) believed that the 
nucleotidase was entirely insoluble in water and saline under their condi- 
tions of preparation. This is apparently not true if the cells are disrupted 
by homogenization in water and if large volumes of extracting fluid are 


used. 
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We have found that the period of centrifugation has a considerable 
effect on the activity of brain extracts (Table 1V). Starting with ho. 
mogenates (no centrifugation), we note a steady decrease in activity as the 
period of centrifugation is lengthened. The activity of any extract, 
therefore, is somewhat dependent upon the extent of centrifugation, 
All of the centrifugations here were performed in a type SP Sorvall angle 
centrifuge at the indicated speeds. 

The inactivation by centrifugation is probably not concerned with 
nucleotidase, because the preparations were made with 1 part of brain 
and 4 parts of water, and in addition nicotinamide was included in the 
reaction mixture. It is probable that the inactivation is caused by re. 
moval of hexokinase and adenosinetriphosphatase. At any rate, brain 
extracts subjected to high speed centrifugation (5 minutes at 18,000 R-pM. 
on an International multispeed centrifuge attachment) are no longer 
active on glucose or HDP. However, addition of arsenate to the extract 


Tasie 
Effect of Centrifugation on Activities of Brain Extract 

Experiment No. | ; Centrifugation Activity ason* 
COs 

1 (homogenate ) 58.5 

2 min. (2400 42.5 

4 380 * (15 min. at 2400 R.PM. 22.3 


and 15 min. at 3400 


* Activity of 1:4 brain preparation over the first 60 minute period. 


restored partial activity on HDP. The arsenate is believed to avoid the 
block caused by the accumulation of ATP and the oxidation of triose 
phosphate can then proceed (19). Normally, this block will not oceur if 
hexokinase is present to cause phosphorylation of glucose or if adenosinetti- 
phosphatase is present (20). Also, it is possible that other enzymes 
necessary to glycolysis are partly removed by the centrifugation. 
Preparations from Different Sections of Central Nervous System—In the 
foregoing experiments, the central nervous system has been divided into 
two sections labeled “cord” and ‘brain’? and, under this procedure, the 
medulla was included with the spinal cord. A study of preparations from 
the individual sections of the brain and cord (Table V) indicates that 
active extracts and homogenates can be obtained from each section. The 
combined cerebrum-midbrain and the cerebellum are the most active, the 
medulla considerably less active, and the spinal cord least active. For 
this experiment, two animals were sacrificed for each test in order to obtain 
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sufficient tissue. Extracts and homogenates were prepared in the usual 
way and tested under optimal conditions. It is noted that if cerebellum 
js added to the cerebrum-midbrain, it constitutes only about 15 per cent 
of the total and the activities of the tissues are about equal. In the case 
of the cord, the medulla constitutes approximately 20 to 25 per cent of 
the total when added to the spinal cord and probably serves to raise the 
activity of the preparation slightly. 

It is evident from the data of Table V that these methods can be applied 
to all parts of the central nervous system to obtain extracts and ho- 
mogenates; all parts glycolyze actively, but at somewhat different rates. 

Necessity of Various Components of Reaction Mixture for Activity—In 
the previous experiments, all of the components necessary for maximal 


TABLE V 
Glycolysis of Different Sections of Central Nervous System 
| | Nat 
Anaerobic glycolysis activity as Q 
Section Weight* CO: 
Extract | Homogenate 
em. | 
Spinal cord | 1.24 | 22.5 | 34.6 
| 1.11 | 31.3 | 36.5 
Medulla 0.27 26.5 45.3 
| 0.41 | 36.0 | 48.9 
Cerebellum 0.47 | 39.0 53.3 
| 0.40 | 46.0 61.9 
Cerebrum and midbrain | 2.32 | 34.8 58.8 
2.25 | 39.3 | 64.3 


* Tissues from two rats, pooled. 
t Activity for the first 60 minute period. 


activity have been added, with the occasional exception of nicotinamide. 
For full activity of extracts of brain and cord, it is necessary to add the 
following components, in addition to glucose and buffers: ATP, DPN, 
and MgCl... For full activity of homogenates and under certain conditions 
for extracts, it is also necessary to include HDP and nicotinamide. 

ATP serves largely as a phosphate carrier. It may also act to a limited 
extent as a phosphate donor, but HDP serves as the chief reservoir of 
organic phosphate when such a reservoir is necessary. DPN is necessary 
# a hydrogen carrier in the oxidative step of glycolysis, and nicotinamide 
is added to prevent the destruction of DPN. Mg plays a part in several 
of the glycolytic reactions. For a more complete discussion of the rdle 
of these components in the glycolysis of brain homogenates see Utter, 
Reiner, and Wood (6). 
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The above components are essentially those added in the previous work 
by Geiger and Ochoa with brain extracts with the exception that Geiger 
sometimes included phosphocreatine and glutathione. According to 
Geiger (3), however, the two latter substances gave variable results, 

The effect of the omission of the several components is shown for cord 

extract in Fig. 3 and similarly for brain homogenate in Fig. 4. With two 
‘i exceptions, the same effects are shown by both preparations. 


17 
No OPN 


2 No substrote 


3. No HOP 

No MgCl, 

5. No ATP 

6. No Glucose 

7. Complete 

8. No Nicotinamide 


Time in Minutes 
Fia. 3. Necessity of various components for glycolysis of cord extract 


Experiments with cord extract (Fig. 3) show that little activity 
| is obtained when either HDP or DPN is omitted (Curves 1 and 3, respet- 
tively). The omission of ATP or MgCl, (Curves 4 and 5, respectively) 
has a considerable although smaller effect. If no glucose is added (Curve 
6), glycolysis starts at a normal rate but stops when the small amount of 
initially added HDP (equivalent to 112 ¢.mm. of CO:) is exhausted. 

In the particular experiment of Fig. 3, an amount of 1:4 extract equiva 
lent to 20 mg. of tissue was used in a total volume of 1.0 ml. Under these 
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gnditions, the protective effect of nicotinamide is not necessary. The 
presence of nicotinamide becomes imperative if a higher concentration of 
extract is used or if the 1:4 extract is replaced by a 1:8 extract, since in 
either case the nucleotidase content of the solution is increased. 

Actually nicotinamide is slightly inhibitory in the experiment of Fig. 3. 
This is not unexpected, since nicotinamide may inhibit the oxidative step 
of glycolysis by competing with DPN for the apoenzyme. Experiments 
not reported here have shown that the optimal concentration of nicotinamide 
is about 0.03 to 0.05 m and in higher concentration is inhibitory. Handler 
and Klein (18) reported that the most effective concentration for control 
of nucleotidase was approximately 0.08 m. Thus, nicotinamide apparently 
plays a dual rdle as an inhibitor and as a protective agent and the most 
efective concentration will be dependent upon both factors. 

Parallel experiments with brain extracts, not shown here, have indicated 
consistently that similar effects with accessory factors are demonstrable 
with brain extracts with the exception that the addition of HDP is not 
always necessary for activity. However, addition of HDP insures far 
more uniform results. When HDP is omitted, gas output starts at a lower 
rate than in its presence, although the same or a slightly higher rate is 
reached after a period of 30 to 45 minutes. The addition of HDP with 
cord extract is essential as a means of replenishing the organic phosphate 
which is lost through phosphatase activity. This observation points 
toward a higher phosphatase activity in cord than in brain, and phosphate 
determinations (Table VI) support this idea. 

The results with brain homogenate (Fig. 4) are similar to those in Fig. 3. 
The omission of HDP (Curve 1) or DPN (Curve 2) results in extremely 
limited activity and omission of ATP (Curve 5) or Mgt* (Curve 4) has a 
maller but definite effect. In experiments with homogenates, the nicotin- 
amide is essential, as is shown in Curve 3. In the experiments of Fig. 4, 
the amount of HDP was doubled, giving a final concentration of 0.005 m. 
The HDP was increased since it was found that additional phosphate 
ester gives a longer constant period of activity. In the absence of glucose 
(Curve 6), this HDP gives rise to a considerable evolution of gas. How- 
ever, glucose determinations in Table VI show that glucose is utilized by 
this preparation even in the presence of HDP. The results with cord 
homogenates were similar to those with brain. 

It is to be noted that in both Figs. 3 and 4 the completely supplemented 
Meparations exhibit approximately linear activity with time and they 
terefore appear suitable, at least in this respect, for assay purposes. 

Previous experiments with mouse brain homogenates (6) have indicated 
iat nicotinamide and ATP play less important réles in the mouse prep- 
wations. 
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Chemical Determination of Products Although the production of acid ag 
followed manometrically is usually considered to give a reasonably accurate 
measure of glycolytic activity, additional and more exact information 
can be obtained when chemical determinations supplement the mano 
metric data. In the experiments of Table VI, glucose, lactate, and phos 
phate changes were measured in addition to the usual CO. production, 
The values are given as mM per gm. of wet tissue per hour, and the various 
preparations can be compared directly. 

It should be pointed out that the glucose values as determined are 
probably slightly in error, since the determinations by the Folin and 
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Fig. 4. Necessity of various components for glycolysis of brain homogenate 


Malmros method (11) are subject to some error in the presence of phosphate 
esters. According to LePage and Umbreit (21), under the conditions of 
this method HDP has a reducing value of 9.5 per cent of that of glucose, 
glucose-6-phosphate 13.2 per cent, and fructose-6-phosphate 31.7 pet 
cent. On this basis, the correction for the original amount of HDP would 
be quite small, 0.9 per cent of the glucose in Experiments 2 and 4 (Table 
VI), and 1.8 per cent in Experiments 1 and 3. However, considerable 
inorganic phosphate was esterified during the experiments with brain 
extracts (Experiments 4 and 5) and hexose diphosphate and hexose mone 
phosphate are undoubtedly formed. Since no accurate determinations 
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of these compounds were made, no correction could be applied to the glucose 
yalues. The net effect of the error probably is to decrease the value 
obtained for the glucose utilized in Experiments 4 and 5. 

The determinations of Table VI were carried out on a substrate of glucose 
and HDP and with four preparations: (Experiment 1) cord homogenate, 
(Experiment 2) cord extract, (Experiment 3) brain homogenate, and 


(Experiment 4) brain extract. In addition, brain extract was tested on 


a substrate of glucose alone (Experiment 5). 

Chiefly answers to two questions were desired: (a) Is CO, production from 
bicarbonate a reliable indication of lactic acid production, and (b) what 
changes in inorganic phosphate and phosphate esters occur during gly- 
colysis in the various preparations? 

Taste VI 
Chemical Determinations of Glycolysis of Nervous Tissue 


mM per gm. brain per hr. 
Ex- | Ratio, 
parr Preparation Substrate 5 ~ | Lactic glucose 
acid |Glucose| Inorganic | “jactate 
2 ro | utilized| P change 
uced 
1 | Cord homogenate | 0.014 a glucose) 0.330) 0.297 0.060} +0.137] 0.20 
HDP 


2 “ extract “ glucose 0.181) 0.178) 0.091) —0.016) 0.51 
0.00125 wm HDP 
3 Brain homogenate | 0.014 ™ glucose 0.523) 0.478) 0.175) +0.198) 0.37 
0.0025 “ HDP 


4 extract 0.014 glucose 0.389, 0.368) 0.222) —0.152) 0.60 
| 0.00125 wm HDP | 

5 0.028 glucose | 0.317, 0.343) 0.179, —0.123) 0.52 

* Hexose diphosphate. 


A cursory examination of Table VI shows that the CO, and lactate 
values check reasonably well in all cases. This agreement indicates that 
it is fairly safe to use manometric figures as a rough measure of lactic 
acid. However, we believe that the agreement between the CO: and lactic 
acid columns is partly fortuitous since the CO, values are subject to at 
least three sources of error: (1) retention of CO, in the reaction mixture, 
(2) changes in acidity due to esterification of phosphate or hydrolysis of 
phosphate esters (cf. Ochoa (5)), and (3) formation of phosphoglyceric or 
phosphopyruvic acids from HDP. The formation of the latter acids will 
result in the release of CO, but will not contribute to the lactic acid. The 
etror mentioned in (3) will occur if Reaction B is more rapid than Reaction 
Cin Equation 1. This type of reaction may occur when HDP is added 
to the reaction mixture. 
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(A) (B) 
Glucose — hexose and triose phosphates — 6 (1) 
(C) 
phosphoglycerate and phosphopyruvate — lactate 


We have not made any corrections on the figures of Table VI. However, 
if the single correction (2) for phosphate ester changes is made in Experi- 
ments 4 and 5, the results agree with similar experiments by Ochoa (5) 
who made this type of correction. 

If glucose is quantitatively converted to lactic acid and neither compound 
is involved in other reactions either as a product or as a reactant, the ratio 
of glucose utilized to lactic acid produced should be 0.5. Actually, the 
situation is more complicated, since the intermediate changes of hexose 
and triose phosphates, etc., occurring during glycolysis will influence the 
ratio. For example, in Equation 1, with a substrate of glucose and HDP, 
if the rates of Reactions B and C exceed that of Reaction A, the concen- 
tration of hexose phosphates will decrease during the reaction and a glucose 
to lactate ratio of less than 0.5 will result. On the other hand, if Reaction 
A exceeds Reactions B and C in velocity, the ratio will be greater than 0.5 
since phosphate esters will accumulate. 

An examination of the “Glucose utilized” column of Table VI shows 
that glucose disappears rather slowly during the glycolysis by homogenates, 
especially in the case of the cord preparation. This slow utilization of 
glucose is reflected in a lowered glucose to lactate ratio (last column) and 
indicates that, in homogenates, the speed of Reactions B and C exceeds 
that of Reaction A. This is confirmed by the inorganic phosphate figures, 
since a net increase in phosphate indicates a net decrease in phosphate 
esters during the reaction. If the rates of Reactions A, B, and C are well 
balanced, there should be no change in inorganic phosphate and the glucose 
to lactate ratio should be 0.5. This is the situation with cord extract 
(Experiment 2), although different samples of cord extract show some 
variation in this respect. Brain extracts exhibit a different picture. Here, 
inorganic phosphate is taken up, pointing to a rate in Reaction A more 
rapid than that of Reactions B and C. Fhe ratio of glucose to lactate 
is above 0.5, as is to be expected when part of the glucose is converted to 
esters. As explained earlier, the determined values for the glucose utilized 
are probably too low and the expressed values for glucose to lactate ratios 
are minimal figures. 

Effect of Ether upon Glycolysis—It is a distinct advantage in handling 
some animals, particularly cotton-rats, to precede decapitation with 
anesthetization. A series of experiments, therefore, was carried out 
(Table VII) to determine whether anesthetization with ether has any 
effect on the activity of homogenates and extracts prepared from the 
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nervous tissue. In the ether treatment, the animals were placed in a ; 
dosed box fitted with a window which permitted observation. When a 
under light anesthesia, the animal was removed and decapitated. In ia 
the control group, there was no previous treatment. Extracts and ho- | : 4 
mogenates were prepared from brain and cord as described previously and a 
the anaerobic glycolysis was determined manometrically for 1 hour under . 
optimal conditions. Duplicate determinations were made on each prep- 7 
aration ; 7.c., the twelve determinations on cord extract represent duplicate ie 
experiments on six animals. , 
The data indicate that previous etherization has no effect on extracts of iq 
either cord or brain and may cause a small increase or none in the activity | : : 
of homogenates, especially in the case of cord. It is probable that ether a 
may be removed by the exposure to the air during the treatment of the a. 
Tasie VII 


Effect of Ether upon Glycolysis of Nervous Tissue 
Values as QNs, for the first 60 minute period. 


Cord Cord Brain Brain ea 
extract homogenate extract ho | ' q 
Ether Ether a, Ether Ether 
Number of determinations ......... | 12 192 12] 0 | | 9 
Range. .. 16 .0- 
26.0} 25.5) 46.0) 40.8) 49.8] 53.8) 61.5) 58.0 
[21.6 [39.6 [35.7 /37.7 [37.5 [55.7 [53.8 a 
Difference between means . 0.1 3.8 0.2 1.9 
Standard error of difference between | a 
1.26 | 1.95 3.86 1.79 
tissue and by the passage of gas through the manometer vessel during 8 
the gassing period. The larger solid content of homogenates may tend to ig 
retain the ether to a greater extent than with the extracts. Treated 
statistically, for the standard error of the difference between means, ' 
the difference is probably significant in the case of the cord homogenate a 
but is not significant in the case of the brain homogenate. However, this a 
particular type of analysis may be misleading, since all factors, including a . 
ensiderable variation between different runs in which preparations from | i 
both etherized and normal animals were affected similarly, are lumped .. 
together with other variations. . 
Craig (22) reported that slices of cat cerebral cortex showed a slightly | a 
iereased lactic acid production under acrobie conditions when ether was 
added directly to the manometer cup. This was true even in the case of _ 
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very small concentrations of ether. This observation is in agreement with 
the above results with brain and cord homogenates. Beecher and Craig 
(23) also suggested that lactic acid output from cerebral cortex slices was 
greater when the tissue was obtained from cats under ether anesthesia 
if measurements were conducted in a phosphate medium. On the other 
hand, Craig (22) and Jowett and Quastel (24) conclude that ether in 
sublethal doses has little effect on the oxidative processes of brain as 
determined in vitro. 

The results of Table VII also give an idea of the range and average activity 
of the various preparations. However, following this experiment, one 
source of variation between runs was discovered and corrected. Nicotin- 
amide varies in its effect somewhat with the time since preparation, and 
more consistent results were obtained when a fresh solution was prepared 
each day. 

Use of Extracts and Homogenates for Assay of Glycolytic Enzymes—After 
determination of the conditions necessary for optimal activity, it was 
possible to examine completely activated preparations with regard to their 
suitability for assay of the glycolytic enzymes. In order to be useful for 
assay purposes it has generally been considered that the preparations 
must at least fulfil two requirements: (a) exhibit a linear relationship 
between enzyme concentration and activity, 7.¢., the concentration of 
enzymes must be the limiting factor in the reaction, and (b) the prepara- 
tions must exhibit a constant activity for a reasonable period of time. 

We believe that both the homogenates and extracts meet these specifica- 
tions reasonably well if certain definite precautions are observed. In 
Fig. 5 it is demonstrated that a linear relationship exists between the 
amount of cord and brain homogenates and the activity. This linearity 
exists (a) if no more than 0.1 ml. of a 1:4 homogenate is used in a total 
volume of 1.0 ml., (6) if the period of activity is limited to 60 minutes, 
and (c) if the initial DPN concentration is raised to 0.001 M. 

In the right half of Fig. 5, a similar experiment with cord extract is 
shown in which the amount of extract was increased to 0.3 ml. in a total 
volume of 1.0 ml. It is evident that the activity is fairly linear up toa 
concentration of 0.1 ml. and probably to 0.2 ml. of a 1:4 extract for a 
minute period and other experiments have indicated that this period can 
be lengthened to 90 minutes. In this test DPN and HDP were the usual 
0.0005 m and 0.0025 m concentrations, respectively. 

A similar experiment with brain extract has been shown in Fig. 2. The 
situation is considerably more favorable here, since the amount of brain 
extract used may be quite high. 

The assumption that enzyme concentration is limiting, when linearity 
is obtained with increasing concentration of enzyme, is open to at least 
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one possible error. If an unknown, non-enzymatic cofactor capable of 


limiting the activity is present in the enzyme preparation, addition of an 
increasing amount of the enzyme preparation may give a linear relationship 
because of the cofactor rather than the enzymes. We have made an 
attempt to test this possibility. If such a cofactor is limiting activity 
and is heat-stable, it should be possible to destroy the glycolytic enzymes 
by a short heating period and leave the cofactor intact. Addition of the 
heated preparation should then increase the activity of an unheated prep- 
aration. 

In the experiments of Table VIII, up to 3 volumes of heated extracts 
from brain and cord were added to unheated extract and the effect upon 
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Fic. 5. Changes in glycolytic activity with inereased concentrations of brain and 
cord preparations. 


the activity was noted. An increase in activity of about 25 per cent 
occurred in the case of the cord and a slightly smaller increase with brain. 
It is probable that the increase occurs because the conditions of glycolysis 
are not quite optimal with regard to phosphate esters, inorganic ions, etc., 
rather than because an unknown cofactor is limiting. As mentioned 
previously, Geiger (3) got small and irregular increases in the activity of 
brain extract. by adding glutathione and phosphocreatine, and the situation 
might be comparable here. At any rate, if there is a cofactor in the 
extract, it is improbable that it is sufficiently limiting to cause a serious 
error in glycolytic assays. This experiment does not eliminate the possi- 
bility of a heat-labile factor, of course. 
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Concerning the second point, constancy of activity, a glance at previous 
experiments will show that the preparations are reasonably satisfactory 
in this respect. In Fig. 1 brain and cord extracts are quite constant ip 
activity if proper precautions are observed. Although completely aetj. 
vated brain homogenate (Fig. 4, Curve 7) shows some decrease in activity 
with successive readings, it is fairly linear. Cord homogenate is similar 
to brain homogenate in this respect. 

Certain departures from a constant rate of activity are to be expected in 
any complicated assay system. Previously, some of the interrelationships 
of different phases of glycolysis have been discussed. Changes in the 
proportions of the various intermediates (Equation 1) during the course 
of the assay may have an effect on gas evolution and hence upon the 
constancy of the rate. For example, at the start of a reaction, HDP may 


Tasce VIII 
Effect of Heated Extracts on Glycolysis by Brain and Cord 


Ne 
Activity as 0.0, 
Experiment No. Heated extract added* 
Cord Brain 
ml. 
1 0.0 22.5 32.2 
2 0.1 25.4 35.7 
3 0.2 27.5 35.0 
4 0.3 27.9 36.9 


* Heated extract prepared by boiling 1:4 extract for 10 minutes and centrifuging. 
Each flask contained 0.1 ml. of unheated cord or brain extract (1:4) and the indicated 
amount of corresponding heated extract in a total volume of 1.15 ml. 


be converted to phosphoglyceric acid very rapidly, with a consequent 
evolution of CO,. Later in the reaction, when the concentration of HDP 
is reduced, the rate of formation of phosphoglyceric acid may decrease 
and CO, evolution will decrease likewise. 

Keeping Properties of Preparation— Although no extensive investigation 
has been made of the keeping properties of the various preparations, a few 
experiments have given some evidence bearing upon this question. Freer 
ing slowly by placing in the freezing tray of a refrigerator caused some los 
in activity. The loss, usually less than 30 per cent, apparently occurred 
during the freezing process and the subsequent loss in activity following 
the initial freezing was rather slow (activity down to approximately 0 
per cent in 5 days). If the preparations were placed in sealed vials and 
frozen rapidly in a dry ice-acetone mixture and were then kept at dry ice 
temperatures, there was little change in activity, at least over a period 
of 4 to 5 days. 


2 
4 
a 
q 


M. F. UTTER, H. G. WOOD, AND J. M. REINER 215 


Lyophilizing yielded preparations which retained their original activity 
approximately, but drying of unfrozen preparations caused considerable 
loss of activity. 


DISCUSSION 


The results of these experiments with preparations of nervous tissue 
indicate that anaerobic glycolysis takes place in such preparations by 
means of the usually accepted cycle of phosphorylated intermediates. 
These observations confirm the work of Ochoa (5), Meyerhof and Perdigon 
(25), and McFarlane and Weil-Malherbe (4) but differ from earlier reports 
of a non-phosphorylating glycolytic path for brain tissue (26, 27). 

Geiger (3) reported brain extracts unable to form lactic acid from hexose 
diphosphate or from hexose monophosphate. Ochoa (5), however, found 
that brain extracts glycolyzed readily at the expense of these two esters. 
Our results confirm Ochoa’s report that lactic acid can be formed from HDP 
even in the absence of any added phosphate acceptor. 

The present work points to similar glycolytic paths in brain and cord, 
with variations quantitative rather than qualitative in nature. 

Huszak (28) found that ‘“‘gray”’ matter from cat or ox brain was able to 
phosphorylate glucose by means of ATP and also could initiate glycolysis 
by phosphorolysis of glycogen. ‘‘White’ matter from brain, on the other 
hand, was reported to be unable to phosphorylate glucose and it was 
suggested that ‘‘white’’ matter glycolyzed chiefly by utilizing glycogen or 
phosphorylated intermediates. The results reported here do not apply 
directly to this question, since both brain and cord are mixed preparations 
containing both types of nervous tissue. However, it seems possible to 
advance an alternative explanation for Huszak’s failure to find phosphory- 
lation of glucose with ‘“‘white’’ material which could be based on a possible 
higher phosphatase activity of preparations from ‘‘white’’ matter compared 
with preparations from ‘“‘gray’’ matter. The activity of phosphatase 
might be so much greater than the hexokinase activity that little phos- 
phorylation of glucose could occur. For example, Ochoa (5) prepared an 
acetone powder from brain which contained hexokinase and could phos- 
phorylate glucose at the expense of ATP. However, the hexokinase re- 
action could be detected only if the phosphatase reaction was inhibited 
by added Nak’. The fact that phosphorylation of glucose could not be 
detected by Huszak even when hexokinase from ‘‘gray’”’ matter was added 
may indicate that it was not hexokinase but the ATP which was the missing 
component of the reaction. 

It should perhaps be emphasized that the type of assay which is attained 
by use of preparations similar to those described in this report is limited to 
@ attempt to determine the entire potential activity of an enzyme system 
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in cells Which have been disrupted as completely as possible. Lt is obvious 
that this does not enable one to predict, without further information, the 
actual activity in vivo of the enzymes, which may be limited by concentrg. 
tions of substrate and coenzymes and by the restrictions imposed by 
cellular structure. However, a knowledge of the maximal activity of the 
enzyme is an indispensable part of the information which will be required 
for making such predictions from measurements tn vifro. 

In an assay of the entire glycolytic system, the rate will be determined 
approximately by the slowest enzyme or enzymes, and consequently little in- 
formation concerning concentration of other enzymes may be divulged. 
Nevertheless, an over-all assay, if conducted in conjunction with sufficient 
chemical determinations, is a good method of learning the internal relation- 
ships of various parts of the entire enzyme system, and particularly of de- 
tecting the slower enzymes which then can be assayed more specifically, 

It is interesting to compare brain homogenates, fully fortified, as 
described in this report, with somewhat similar preparations as obtained by 
Elliott and Henry (29). These investigators obtained suspensions from 
brain by grinding in a Ringer-bicarbonate-saline solution and observed 
activities approximating those of brain slices; the activity of slices (3, 4) is 
about one-third to one-fourth the activity of our homogenates. No 
additions, other than buffers and substrate and occasionally Mg and 
pyruvate, were mentioned and the activity was actually increased by 
washing the suspensions. It seems probable that these preparations con- 
tained a much larger proportion of unbroken cells and larger cell fragments 
than is the case with our distilled water homogenates. Elliott and Henry's 
suspensions are probably not as suitable for measurement of total potential 
activity as are the present preparations, but on the other hand, may approx- 
imate conditions in vivo and be very useful from this point of view. 


The authors gratefully acknowledge the technical assistance of Miss 
Carol Carlson and Miss Ollie Stubblefield. 


SUMMARY 


1. A method is described for the preparation from the central nervous 
system of cell-free extracts and homogenates exhibiting high rates of 
anaerobic glycolysis. A study of the variable factors in the preparation d 
the extracts and homogenates has been made. 

2. Active extracts and homogenates have been prepared from. spinal 
cord, medulla, cerebellum, and cerebrum. 

3. For complete activity these preparations need, in addition to glucose 
and buffers, adenosine triphosphate, hexose diphosphate, diphosphopyt- 
dine nucleotide, magnesium ions, and nicotinamide. 
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4. Evidence is presented that the “inhibitor” of brain extract reported 


| by Geiger (3, 16) is a diphosphopyridine nucleotidase. Inhibition of the 


nueleotidase can be obtained with nicotinamide or by incubation of the 
tion with DPN and bicarbonate buffer. 

5. Etherization of animals prior to preparation of glycolytic extracts and 

homogenates did not have any detectable effect on extracts and had slight 


or no effect on homogenates. 

6. The preparations have approximately linear activity with time and 
with increasing concentration of tissue for 60 minutes or longer. They, 
therefore, should prove useful in the assay of enzymes of anaerobic glycoly- 
sis of the central nervous system. 
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THE ROLE OF MALTASE IN THE ENZYMOLYSIS 
OF RAW STARCH* 
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In the preceding publication on the digestion of raw starch (1), it was 
reported that granules of wheat, corn, or potato starch can be rapidly and 
completely converted to fermentable sugars by a mixture of enzymes ex- 
tracted from hog pancreas and Aspergillus oryzae grown on bran. Glucose 
is the preponderant end-product. The difference between the hydrolysis 
of raw and cooked starch appears to be one of rate; the conversion of boiled 
starch to sugars by this mixture of enzymes is more rapid and equally 
complete. This completeness of hydrolysis seems more remarkable than 
its occurrence with raw starch. 

Microscopic observation of wheat or corn-starch during disintegration 
indicated that the enzymic attack did not occur initially over the surface 
of the granule, but proceeded radially from the hilum, where most of the 
moisture of the original granule is concentrated (2). 

The mixture of enzymes used in the preceding work was too complicated 
to permit an explanation of their mode of action; vet knowledge on this 
point should be important to an understanding of amylases and the 
structure of starch. The present paper presents observations made with 
greatly purified enzyme preparations. 

Pancreas and Aspergillus are both known to contain much a-amylase, but 
the action of a-amylase alone on uncooked starch, except in the presence of 
extremely high concentrations of enzyme, reaches completion very slowly. 
SAmylase on the other hand has been shown by other experimenters (3, 4) 
tohave no effect on raw starch. The observation has been repeated by us 
with 6-amylase that acted as a single protein in the ultracentrifuge. It 
was found to have no action alone on raw starch, and no apparent effect 
m the action of the pancreas-mold mixture. It is obvious, therefore, that 
sme factor in addition to the recognized amylolytic ferments is involved 
inthe rapid digestion of raw starch. 

Certain recorded observations suggest that this factor may be an a- 
gucosidase such as maltase. Thus Stark (5) has demonstrated a “‘pseudo- 


*Enzyme Research Laboratory Contribution No. 96. This work was done under 
the special research fund authorized by the Bankhead-Jones Act of June 29, 1935. 
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equilibrium” between dextrins and maltose, and Pigman (6) has shown that 
maltose can be converted into non-fermentable products in the presence of 
amylases. Obviously these effects would be hindered by maltase. 

By using a preparation (from pancreas) containing a-amylase but practi. 
cally no maltase, and a preparation (from Aspergillus) containing much 
maltase but no a-amylase, it has been found that the rapid and complete 
digestion of raw starch occurs because of the removal of maltose. This 
statement holds despite the possibility that other enzymes not here takep 
into account may exist in the partly purified preparation from pancreas and 
Aspergillus, because similarly rapid digestion of raw starch has been made 
with the a-amylase preparation alone, but only when the maltose was 
continuously removed by dialysis. 


EXPERIMENTAL 
Determination of Enzyme Actwity 


a-Dextrinogenic Activily—This term (3) has been used to denote the 
activity of a-amylase in the presence of excess B-amylase. The determina- 
tion is a modification of the procedure of Sandstedt, Kwneen, and Blish (7), 
A starch fully acted upon by 8-amylase still gives a purple color with iodine. 
Subsequent action of a-amylase destroys this property. The rate 
of destruction of the chromogenic property is a function of the concentm- 
tion of a-amylase. 

A strong solution of B-amylase is prepared by stirring 40 gi. of whole 
hard wheat meal into 100 ml. of water at room temperature and removing 
the insoluble portion in a centrifuge. 2 ml. of this solution are incubated 
at 30° for 10 minutes with 20 ml. of a 2 per cent suspension of soluble starch 
in 0.02 M acetate, pH 4.8. Immediately thereafter 8 ml. of the solution to 
be tested are added. (This solution should contain about 0.1 per cent of 
calcium chloride.) Incubation at 30° is continued, and at suitable intervals 
(usually every 1 or 2 minutes) 0.5 ml. portions of the mixture are removed 
and mixed with 5 ml. of an iodine solution containing 0.088 gm. of iodine 
and 40 gm. of potassium iodide per liter. The intensity of the resulting 
color is determined at once. The time that would be required to produces 
color arbitrarily selected as a standard is found by interpolation.' Under 


1 Sandstedt, Kneen, and Blish (7) develop a color in similar fashion and compare 
it visually with a standard tube containing iodine and a definite amount of “reagent” 
dextrin. Inthe present experiments the standard used was a reading of 40 in a neutral 
wedge (visual) colorimeter with a quarter inch cell and a 540 my filter. Unfortunately 
it is difficult to describe this color in terms of another instrument. As the actual 
units are only a matter of convenience, it should be possible to define a suitable unit 
for another colorimeter. The units for a-amylase (per mg.) used here represent about 
twice as much enzyme activity as those of Sandstedt, Kneen, and Blish. 
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ut | the conditions described, the time corresponds to a certain quantity of . 
f } gamylase. | a-amylase unit is defined as that amount of enzyme in the : 4 
total digestion mixture of 30 ml. that will produce the standard color in 10 rH 

i- | minutes. A curve (Fig. |) shows the relationship between the time required a 
h | to reach the standard color and various concentrations of a preparation of i 
| salivary amylase. 
Is Saccharogenic Activity- The saccharogenic activity is reported in terms i 
© | of sugar formed. 1 unit of activity has been defined as that amount of i 
d | enzyme that converts | ml. of a 2 per cent cooked, wheat starch suspension a 
le | (pH 5.2) at 45° to fermentable sugars at an initial rate of 10 per cent per 9 
| 

a 

i- o* 4 
. 8 

. Fic. 1. Showing the relationship between a-amylase units and the time (7) re- if 
quired to reach standard color. The inset is on a larger scale. 13 
The sugars were determined as previously reported (1) by a combination iq 
» | dalkaline ferricyanide and acid copper reduction methods, except that the ‘4 
z | eaymic reaction was stopped by the addition of 1 ml. of 1 N HCI per ml. B 
, | digestion mixture instead of with sodium hydroxide. The system was "i 
, | then diluted and neutralized with NasCO; to pH 4.0 for fermentation or to i 
pH 7.0 for measurement of the total reducing capacity. It was found a 

e | cOMvenient at times to replace the ferricyanide method with Nelson’s | : { 
tlorimeter adaptation (8) of the Somogyi procedure (9). The undigested 4 
"| arch which Nelson found interfered with the clarity of the final colored 4 
y | Mlution could be removed by allowing the retrograded starch to settle in a 
t | ecold. Determined in this way the ratio of saccharifying to a-amylase . i” 
t | stivity was found to be different for d'fferent sources of a-amylase practi- | if 
tally devoid of 8-amylase. Thus, in Table I the ratio is 2.8 for the amylase a 
q 
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of pancreas, whereas the ratio is 1.7 for salivary amylase and 1.1 for A sper. 
gillus amylase. 

Maltase—5 ml. of a 1 per cent solution of maltose, containing 0,1 m1 
acetate buffer, pH 5.2, were incubated at 40° with 5 ml. of enzyme sample. 
At the end of 30 minutes, 1 ml. of the digestion mixture was pipetted into 
1 ml. of 1 nN HCl. The mixture was neutralized with NazCOs, and the glu. 


I 
Enzymic Activities of Various Preparations 


| Enzyme activities 


Designation Source of preparation 
Amylase | Saccharogenic 
amils per me. | unils per me. | units pom. 
a-Amylase I..... | Pancreas solids | 
III.... Salivary solids 7.0 
Taka-diastase I...| Aspergillus oryzae, 5.5 X 10° | 
extract | | | 
II..| Aspergillus oryzae, 0.5 0.08 10" 
Aspergillus oryzae, 0.4 | 
alcohol fraction | | | 
Mold BranI...... Aspergillus oryzae, 1.1 X 10° | 0.03 10" 
commercial prepara- | | | 
tion | 
IL.....) Aspergillus oryzae, | §.3 0.15 
solids | : | 
Maltase I.........| Aspergillus oryzae, X 10°) 0.2 K 10°? 0.16 
from mold bran | | | 
" Il........| Aspergillus oryzae, 0.5 X 10" 
from mold bran | | 
Aspergillus oryzae, 0.2 10" 
from taka-diastase | | 
Aspergillus oryzae, 0.8 X 10" 
from mold bran | | | 
8-Amylase I.......| Sweet potato, purified 0.3 3.2 
Il....... Wheat, extractedwith 0.1K 10° 
water 


cose present was determined as described previously. 1 unit of maltase 
has been defined as that amount of enzyme in the total digestion mixture 
that hydrolyzes 10 per cent of the maltose under these conditions. 
Digestion of Raw Starch—Unless otherwise stated, the procedure was as 
follows: The substrate was a washed air-dried sample of commercial wheat 
starch (free of protein) whose carbohydrate content when determined by 
hydrolysis with HC] amounted to 88.5 per cent. 22 mg. of this starch were 


SSE 


. 


‘3 
Re 
“ty 
* 
a 
# ID 0 
use 
4 
* 
%, 


& 


s. SCHWIMMER 223 


weighed into a 3 ml. round bottomed flask. Into this flask were pipetted 


| ach amounts of material that the final volume of the suspension was 1 


ml. The concentrations or quantities of reagents were acetate buffer 
(pH 5.2) 0.05 M, CaCl, 0.05 per cent, a-amylase (No. I1) 0.5 mg. (equivalent 
to 1.15 units), and Maltase I 2 mg. (equivalent to 0.32 unit). Conversion 
was carried out in a water bath at 45°. Continuous stirring was provided 
by placing the flask in a test-tube attached to a pulley by a joint slightly out 
of the perpendicular, so that the test-tube swung somewhat with each 
revolution of the pulley. ‘The reaction was stopped by the addition of 1 
ml. of 1 nN HCI. 

When it was desired to compare cooked starch with raw starch as sub- 
strate, the same procedure was used, but the flask containing the starch 
ip 0.5 ml. of HO was stirred in a bath of boiling water for 30 minutes before 


Enzyme Preparations 


a-Amylase—Table I lists the enzymic activity of amylase preparations 
from various sources. a-Amylase I was a sample of commercial pancreatin. 
a-Amylase II was prepared from a commercial ‘“‘amylopsin”’ by drying the 
water-soluble material remaining after dialysis. a@-Amylase IIT was pre- 
pared by drying human saliva, after prior purification by centrifugation, 
filtration, dialysis, and precipitation in 70 per cent alcohol. 

Maltase Preparations—The stability of taka-maltase toward acid pH, 
high temperature (10, 11), and aqueous alcohol (11, 12) is in marked con- 
trast with the behavior of yeast maltase (13). These properties have been 
used in the preparation of an a-amylase-free maltase preparation from 
taka-diastase. The use of acid and precipitation by aleohol was particu- 
larly effective. In Table I, the taka-diastase preparations represent, 
respectively, (No. 1) the original commercial sample, (No. II) a fraction 
thereof obtained by dialyzing a 10 per cent solution, then precipitating in 
0 per cent alcohol, and (No. IIT) the residue obtained from the foregoing 
alcoholic mother liquor by increasing the concentration of alcohol to 70 
per cent. 

Maltases | and II were prepared from commercial mold bran. 100 gm. 
d@ mold bran were extracted for 1 hour at room temperature with 1 liter of 
water. The extract was squeezed through cheese-cloth and then centri- 
fuged. The resulting supernatant liquid yielded a clear brown solution 
after filtration through diatomaceous earth. Ammonium sulfate was then 
added to complete saturation. (It was found that the yield of maltase in 
the precipitate increased with increasing (NH,)2SO, concentration to 
tmplete saturation.) The precipitate was filtered out on purified dia- 
lomaceous earth, dissolved in 100 ml. of H,O, and brought to pH 3.0 with 
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1N HCl. The presence of considerable sulfate decreased the concentration 
of calcium ion, thus contributing to the lability of the a-amylase. After 
remaining at 30° for 30 minutes, the preparation was cooled to 0° and pre. 
cipitated with cold 95 per cent ethyl alcohol at a final concentration of 7 
per cent. The resulting precipitate was dialyzed overnight in a double 
walled cellophane membrane against tap water and then against distilled 
water. (Considerable cellulase is present and makes the use of a single 
walled cellophane membrane somewhat risky.) The insoluble matte; 
remaining after dialysis was removed by filtration and the resulting filtrate 
was dried. 

Maltase III was made from Taka-diastase II]. The latter preparation 
was suspended in water, fractionated with alcohol as before, and the result- 
ing precipitate with 70 per cent alcohol was again suspended in water and 
adjusted topH 3. The suspension was kept at 30° for 1 hour, then dialyzed, 
filtered, and dried. 

Maltase IV was prepared as was Maltase I except that the original mold 
bran extract was acidified and neutralized again before precipitation with 
ammonium sulfate. 

B-Amylase—B-Amylase I was a highly purified preparation from sweet 
potatoes, which sedimented as a single protein in the ultracentrifuge? 
B-Amylase II was a dried, water extract of ground whole wheat. 

All preparations were dried in vacuo while frozen. 


Results 


Course of the Over-All Conversion—Relatively large concentrations (1.15 
units per ml.) of a-amylase alone were found to digest both raw and cooked 
starch to the extent of about 65 per cent in 5 hours at 45° (Fig. 2), although 
at considerably different initial rates (Figs. 3 and 4). Glucose was formed 
from both raw and cooked starch, as reported by Stark (5) and by Myrback 
and Lundberg (14). However, more glucose was formed from raw than 
from cooked starch. 

Fig. 2 also illustrates a sharp change at about 45 per cent in the course of 
the hydrolysis of cooked starch, again in agreement with the findings of 
Myrbiaick (15). The change in rate was less marked when added maltase 
was present. A similar change in the rate of hydrolysis of raw starch was 
also far less marked. The maximum rate of hydrolysis of cooked starch 
by a-amylase, with or without maltase, is the initial rate, but, as shown in 
Fig. 3, there appears to be a lag in the formation of sugar from raw stareh. 
In the presence of maltase this initial lag did not occur. 

Effect of Varying Concentration of a-Amylase—With raw starch, increase 
in the concentration of a-amylase resulted in a higher total conversion as 


? Unpublished results of A. K. Balls and R. R. Thompson. 
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well as a higher rate of conversion (Table II). However, the amount of 
glucose ultimately formed was independent of the concentration of a-amy- 
lase. Enzyme preparations of salivary and pancreas origin were indistin- 
guishable in these respects. 


100 T T 
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MINUTES 


Fig. 2. Course and extent of hydrolysis of raw starch (open circles) and cooked 
starch (solid circles) by (a) a-amylase and (b) a-amylase plus maltase. The continu- 
ous curves represent the percentage of fermentable sugars, whereas the broken curves 
represent the percentage of glucose. 


The maximum velocity of hydrolysis attained at different a-amylase 
concentrations is shown in Fig. 4 for both cooked and raw starch. With 
cooked starch, the rate was roughly proportional to the concentration of 
eizyme over a large range. With raw starch, the maximum rate varied as 
the square root of the concentration of enzyme. Thus the ratio of maxi- 
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PER CENT CONVERSION 


MINUTES (COOKED STARCH) 
$ 
10 20 30 
MINUTES (RAW STARCH) 
Fic. 3. Initial stages of the hydrolysis of raw starch (Curves 1 to 4) and cooked 
starch (Curves 5 to7) at varying maltase concentrations. The concentrations of mal- 
tase in Curves | to7 are 0.00, 0.03, 0.32, 1.28, 0.00, 0.32, 1.28 units per ml. respectively; 


a-amylase concentration 1.15 units per ml. Saeccharifying activity is expressed as 
per cent conversion of the starch to fermentable sugars. 
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RELATIVE CONCENTRATION 


Fic. 4. Relative maximum rates of conversion at varying a-amylase concentrations 
for raw starch (Curve 1) and cooked starch (Curves 2 and 3). The maximum rates 
(set at unity) are 1.9, 2.0, and 32 per cent per minute. The corresponding concentra 
tions of a-amylase are 1.15, 0.076, and 1.15 units per ml. 


mum velocities of cooked to raw starch conversion is of one order of magn- 
tude and increases with increasing a-amylase concentrations, 
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Effect of Varying Maltase Concentrations The presence of maltase during 
the conversion of raw starch by a-amylase resulted in an increase in the 
over-all rate of conversion and also in the percentage of sugars formed after 
5hours (Table II1). Fora 2 hour conversion period, shown in Fig. 5, both 
the rate of conversion and rate of glucose production were constant with 
respect to maltase concentrations until a concentration of approximately 


0.6 unit per ml. was reached. Above this value, the effect of additional 
maltase became less and less. 

The chief effect of maltase at early stages of raw starch conversion was to 
diminish the apparent lag in sugar production seen with amylase alone. The 
initial rates of hydrolysis were not, however, much greater than the maxi- 


TaBLe Il 


Digestion of Raw Starch at Varying a-Amylase Concentrations with and without 
Added Aspergillus Maltase 


Per cent conversion after 
Concentration of enzyme 


1 hr. 2 hrs. 3 hrs. 5 hrs. 
| Glucose | Glucose Glucose Glucose 
aAmylase _ Maltase and Glucose and Glucose and Glucose and Glucose 
| maltose maltose maltose maltose 
| | | 
0.00 0.32 | | | | | 3.0 2.9 
116 | 0.00 | 2% O (4 
1.15 0.32 | | | 42 78S Ww) 6S 
4.60% 0.00 | | x3 16 
40 | 0.02 | 49 | 10 GQ Ra 41 
460 O34 33 | @ @ 79 71 
18.4* 0.32 OBB | | 


* The enzyme used was salivary e-amylase (No. LIT, Table 1). 


mum rates obtained with a-amylase alone. In Fig. 3 these rates for Curves 

1,2, and 3 (calculated as the maximum values of the slopes) are 1.7, 1.9, and 
2.2 per cent per minute respectively. There was evidently no change in 
initial rates when the maltase concentration was increased from 0.32 to 1.28 
units per ml. The initial rates observed for cooked starch were also practi- 
cally independent of maltase. 

Effect of Added Sugars and Enzymes——Maltose inhibited the digestion of 
raw starch by a-amvlase (Table IV). The addition of 10 mg. per ml. of 
maltose to raw starch and amylase after 3 hours completely prevented fur- 
ther hydrolysis. 

In contrast to maltose, inhibition by glucose occurred during the first half 
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of the digestion and was not progressive during the latter half. Thus 
(Table IV) at between 3 and 5 hours the amount of conversion increased 1] 
per cent in the presence or absence of glucose, whereas in the presence of an 


TaBLe III 
Conversion of Raw and Cooked Starch at Varying Maltase Concentrations* 
Per cent conversion after 
an Starch 1 hr 2 hrs 3 hrs. S hrs 
Glucose Glucose Glucose Glucose 
and Glucose and Glucose and Glucose and | Glucose 
maltose maltose maltose maltose 
uniis per 
mi. 
0.00 Raw 36 0 47 0 56 2 64 ll 
Cooked 54 0 60 0 64 0 68 3 
0.04 Raw 40 9 56 18 64 21 73 24 
0.32 Raw 54 24 69 42 78 59 S89 68 
Cooked 99 33 100 58 102 67 05 70 
0.64 Raw 60 33 82 63 OF 71 QS 86 
Cooked 102 48 99 63 101 72 95 82 


* The concentration of a-amylase was constant at 1.15 units per ml. 


PER CENT CONVERSION 


MALTASE CONCENTRATION 
(UNITS /ML ) 


Fic. 5. Conversion of raw starch into glucose (G) and into maltose plus glucose 
(M + G) after 2 hours at varying maltase concentrations by four different prepara- 
tions. The a-amylase concentration was constant at 1.15 units per ml. 


equivalent amount of added maltose an increase of only 7 per cent was 
observed. The addition of maltase to the digestion mixture after 3 hours 
resulted in a conversion midway between that obtained with a-amylase 
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alone and that with a-amylase plus maltase present at the start. Glucose 
did not show an appregiable inhibitory effect in the presence of maltase. 

The effect of 8-amylase on raw starch is shown in Table IV. 8-Amylase 
I alone digested raw starch to the extent of 3 per cent in 5 hours when 
enough of it was used to double the rate of hydrolysis of cooked starch by 
aamylase. A mixture of a- and §-amylases digested raw starch faster than 
did the a-enzyme alone, but the addition of 8-amylase to the usual mixture 
of a-amylase and maltase had no appreciable effect. Wheat extract 
(g-Amylase IT) was in fact inhibitory, as the observations of Kneen and 
Sandstedt (16) suggest. 

When additional a-amylase was added after 3 hours (Table V), the sub- 
sequent hydrolysis was greater than when a-amylase alone had been added 


TaBLe IV 


Effect of Adding and Removing Enzymes and Reaction Products on Course of 
Conversion of Raw Starch 


Per cent converted after 


Substance added to mixture : 1 hr. | 3 hrs. | 5 hrs. 1 hr. | 3 hrs. 5 hrs. 
a-Amylase a-Amylase + maltase 
None...... | 36 | 53 | 64 | 54 | 80 | 90 
Maltose, 10 mg. per ml. | 30 | 45 52 45 74 82 
Glucose, 10 “ | 23 | 45 | 86 | 52 | 78-| 89 
§-Amylase I (2 mg. per | 40 | 6 | 72 | 44 | 81 | 92 
Yeast* | 42 | | 78 | | 80 | 100 
| 23 | 46 59 | 2 
Dialysis*. ..| 52 | 96 | 100 


* Percentage of starch rendered soluble (determined by measuring the starch 
residue remaining). 
t Percentage of maltose present. 


initially, but not if maltase was also present initially. The effect of added 
e-amylase, however, was not as great as the effect of adding more maltase 
tothe system, in which case an acceleration was observed when a-amylase or 
e-amylase with maltase was added initially. An additive acceleration was 
obtained when additional a-amylase and maltase were used together in 
conjunction with the initially added a-amylase. 

Effect of Yeast and Dialysis—A sample of fresh bakers’ yeast, when incu- 
bated under the conditions for digesting raw starch, was found to utilize 
glucose readily but not maltose (Table VI). Furthermore, the yeast evi- 
dently formed glycogen from the glucose so utilized, for reducing sugars 
‘ppeared only after the yeast residue was boiled with hydrochloric acid 
2, for 2 hours). The substance in the yeast that yielded sugar on acid 
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hydrolysis could, for the most part, be removed from the yeast by autolysis 
with toluene for 4 hours. ‘ 

These observations have been taken into account for the determination 
of the amount of raw starch digested by a-amylase in the presence of yeast, 
0.1 ml. of the washed yeast suspension was added to the starch digestion 
mixture at the start of the digestion and at the end of each hour thereafter. 
At the end of the given times, the reaction was stopped as usual and the 


TaBLe V 
Effect of Adding Enzymes and Maltose at Later Stages of Raw Starch Digestion 


| “Percent conver Per cent conversion 2 hrs. after following 
further additions addition at 3 hrs. 


Added initally (p-Am 
| lase, | lase, | Maltase,|e-Amy-| 
3hrs. Shes 1.15 10.0 0.32 unit! lase + | tose, 


units mg. per mil. maltase | 
per ml. per mi. 


70 | SO RS | §3 
+ maltose | 30 75 
+ glucose. 2S 45 
Taste VI 


Utilization of Maltose and Glucose by Bakers’ ) cast 

Each sample contained 0.1 ml. of washed bakers’ yeast (10 per cent) suspended in 

I ml. of a solution 0.05 m with respect to acetate buffer and 0.05 per cent with respect 
to CaCl. 


Per cent sugar 


Treatment of yeast suspension . | = 
Remaining Appearing | 
in solution in residue hydrolysis per 


with 10 mg. at 45° 0 () 
o 3 hrs. at 45°; then with glucose | 
Incubated with moltene l hr. at | 


residue centrifuged and washed. The supernatant liquid and washings 
were combined and the maltose content thereof determined. No glucose 
was found in the supernatant liquid. The residue was then autolysed i 
5 ml. of HO containing toluene at 40° for 4 hours. The residue Was agsil 
recovered by centrifugation and hydrolyzed with 1.2 x HCl. It canbe 
seen from Table IV that the presence of yeast increased the over-all rate 
and extent of digestion both in the absence and in the presence of maltas. 
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It is rather interesting to note that some maltose still remained in the pres- 
ence of the maltase after 5 hours. 

The hydrolysis of raw starch to completion (at constant a-amylase con- 
centration) was obtained most rapidly by allowing the reaction to proceed 
concurrently with dialysis against a solution whose salt concentrations were 
equal to that of the digestion mixture (Table IV). 


DISCUSSION 


The complementary action of mold bran and pancreas in producing rela- 
tively complete and rapid digestion of raw starch can now be attributed to 
the presence in the mold bran of a non-amylolytic factor. The evidence for 
the probable identity of this factor with the a-glucosidase (maltase) of the 
mold bran is shown in Fig. 5. The ‘‘maltase’’ preparations used possessed 
varying maltase activities. Three of them were made by procedures so 
different that it seems unlikely that the non-maltase components would 
always bear the same relationship to the maltase present; yet in all the 
preparations, the enhancement of raw starch digestion varies directly with 
their maltase activity. This evidence, together with the fact that inorganic 
phosphate was absent during the digestion, makes it unlikely that a phos- 
phorylating mechanism is involved in a manner similar to the synthesis of 
glycogen by Cori and Cori (17). This synergistic effect of maltase, by no 
means new, has been discussed under such terminology as “amylase activa- 
tion” (18) and “complementary action”’ (19). Meyer and Bernfeld (20) 
have used yeast maltase in conjunction with 8-amylase in the elucidation of 
the structure of amylopectin. 

The behavior of raw starch can be adequately explained, if we postulate 
four factors contributing to the prevention of complete digestion, namely: 
permanent inactivation of the enzyme during the course of hydrolysis; 
inhibition of the a-amylase by the products of the reaction (particularly by 
maltose and to a smaller extent by glucose); involvement of maltose in 
peeudoequilibria with higher polysaccharides; and relative slowness of the 
hydrolysis of the so called anomalous linkages in the limit dextrins arising 
from the amylopectin moiety of the starch (21). Although it is usually re- 
ported that this 1—4) glucose linkage is not amenable to a-amylase action, 
both in the present work and in that of Stark (5) and of Somogyi (21) 
eamylase preparations containing no detectable a-glucosidase are reported 
ws capable of digesting starch to fermentable sugars. In both these cases 
the enzyme-substrate ratio may be so much greater than usual that the slow 
hydrolysis of the 1-6 bonds becomes experimentally appreciable. It is 
Siggested that the small but constant amount of glucosc formed may be due 
to the hydrolysis of “isomaltose’’ linkages. 

When a-amy lase alone is added to the digestion mixture, all four of these 
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factors contribute to the prevention of complete hydrolysis. Addition of 
maltose enhances both the substrate inhibition and the resynthesis, whereas 
with glucose only substrate inhibition is increased. With the addition of 
maltase, the maltose concentration decreases, thus decreasing both resyp. 
thesis and inhibition of the enzyme due to maltose. At the same time the 
rate of hydrolysis of the 1-6 bonds is accelerated. In the presence of yeast, 
the inhibiting effect of glucose is also removed, owing apparently to the for- 
mation of glycogen. When raw starch is digested with accompanying 
dialysis, glucose, maltose, and residues carrying 1—6 linkages are removed 
from the sphere of action so rapidly that even the permanent destruction of 
enzyme is presumably lessened, resulting in a maximum over-all conversion 
rate. 

The increased action observed in the presence of 8-amylase can be at- 
tributed to the scission of maltose from the ‘‘normal’’ dextrins present. 
The fact that 8-amylase alone is without action on raw starch is an indiea- 
tion that non-reducing ends of the starch granule are not present at the site 
of initial enzyme action, inasmuch as the work of Hanes (22), of Myrbiick 
(23), and of others indicates that the action of 8-amylase is from the non- 
reducing ends of the starch chains. The absence of non-reducing end- 
groups in the starch granule may be interpreted as due to the presence of 
strong hydrogen bonding of the hydroxyl group at position 6, as suggested 
by Caesar (24). 

The initial lag in the production of sugar in the presence of a-amylase 
alone may be due to the initial exclusive production of dextrins or to this 
effect and the limited substrate surface available to the enzyme. Somogyi 
(21) and Myrbiick (23) found for cooked starch that a comparatively ex- 
tensive hydrolysis to dextrins occurred with a-amylase before maltose for- 
mation began at any considerable rate. The action of maltase in erasing 
this lag could then be explained by its attacking the 1—6 linkages present in 
the dextrin. 

The lack of linearity exhibited by the maximum rates for raw starch con- 
version with increasing a-amylase content may be attributed to the limited 
substrate surface available to the enzyme at any given time. 

There is no evidence in the foregoing experiments that the disintegration 
of starch granules can be attributed to the removal of a non-starch coating 
from the surface of the granule. The lack of susceptibility of the surface 
to enzyme action can better be attributed to the view expressed by Trubell 
(25) that the starch of the granule is deposited during development by 
intussusception. Thus the outer layer is deposited first. This results ima 
highly dehydrated and associated matrix of molecules at the surface of the 
mature granule. This view has been presented in the work of Wieler (26). 
Under these circumstances, one is led to the view that the granule will most 
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ly be attacked at the hilum, where the water content is highest and 
association by hydrogen bonding is least. The initial stages of the digestion 
do occur at the hilum. The new surface then exposed to water may be 
considered as undergoing hydration, and thus becoming more susceptible 
to enzymic attack.’ 


SUMMARY 


The complementary action of Aspergillus oryzae in the enzymolysis of 
raw starch by the e-amylase of pancreas has been,traced to the a-glucosi- 
dase (maltase) present in the mold. ‘The effect of varying a-amylase and 
maltase concentrations on the extent, course, and initial rate of hydrolysis 
has been determined. ‘These observations have been compared in turn with 
the action of the same enzymes on cooked starch. Variations from a 
standard reaction system were made by increasing the concentration of 
amylolytic enzymes during the course of hydrolysis, and by adding or re- 
moving maltose and glucose. 

The observations made have been interpreted to mean that the maltase 
decreases the operation of the following factors which tend to prevent com- 
plete conversion by the a-amylase: irreversible inactivation; reversible in- 
hibition by maltose; resynthesis from maltose; slow rate of hydrolysis of 
the “abnormal”’ linkages present in the amylopectin. 

Whereas the difference in the action of a-amylase on raw and cooked 
starch seems to be one of rate imposed upon the system by the limited sub- 
strate available, the complete lack of susceptibility of the starch granule to 
attack by 8-amylase has been attributed to the masking (by strong hydro- 
gen bonding) of the non-reducing end of the glucose chains. 
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the more easily hydrolyzed. 
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ISOLATION OF STEROIDS FROM THE URINE OF PATIENTS 
WITH ADRENAL CORTICAL TUMORS AND ADRENAL 
CORTICAL HYPERPLASIA: A NEW 17-KETOSTEROID, 

AN DROSTAN E-3(a@) , 1 1-DIOL-17-ON E 


By HAROLD L. MASON ano EDWIN J. KEPLER 


(From the Division of Biochemistry, Mayo Foundation, and the Division of Medicine, 
Mayo Clinic, Rochester, Minnesota) 


(Reeeived for publication, August 9, 1945) 


Information on the metabolism of the steroid hormones has been ob- 
tained largely by injection of known amounts of the crystalline hormones 
and isolation of the steroids which subsequently appeared in the urine (1). 
Experiments of this type with the adrenal hormones necessarily have been 
limited in scope by the limited available supply of crystalline adrenal 
steroids, Some additional information has been obtained by the isolation 
of steroids from normal or pathologic urine. The urine of patients having 
hyperactive adrenal cortical lesions is particularly valuable for such 
studies, since it usually contains abnormally large amounts of steroid 
material which can be extracted and isolated. The compounds which are 
fnally obtained not only have great theoretic importance but also furnish 
diagnostic criteria which aid in distinguishing adrenal cortical lesions one 
from another and from other pathologie lesions elsewhere which produce 
dmilar clinical pictures. 

Our interest in these particular pathologic conditions was stimulated 
by the hope that we might be able to isolate the degradation or metabolic 
products of those important adrenal cortical compounds which carry an 
oxygen atom at the C-11 position. None of the compounds which have 
heen isolated from cither normal or pathologic human urine have this 
particular chemical feature. We were further motivated by the hope 
that, if a sufficient number of cases were studied, specific clinical symptoms 
might be associated with the presence, absence, or quantities of specific 
winary steroids. 

The isolation studies which have been reported in the literature have 
shown the presence of the neutral ketones, androsterone, etiocholan- 
X(@)-0l-17-one, dehydroisoandrosterone, and isoandrosterone in the urine 
d normal men and women (2-8). The quantities isolated have varied 
considerably, depending on the techniques used. It appears, however, 
that the first two substances are present in approximately equal amounts 
13 to 1.5 mg. per liter) while dehydroisoandrosterone accounts for not 


more than 10 per cent of the total amount of ketones (4,5,8). When an 
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adrenal cortical tumor is present, there is usually,’ but not invariably, g 
greatly increased excretion of androsterone and etiocholan-3 ()-ol-17-one, 


but the amount of dehydroisoandrosterone excreted is usually greater than | 


the combined amounts of the other ketones (11-15). When corticaj 
hyperplasia is present, the excretion of steroids may be elevated to levels 
encountered in cases of adrenal tumor but more often the excretion is within 
normal limits (10-12, 14, 15). In either circumstance, the 8-hydroxy. 
17-ketosteroid fraction (dehydroisoandrosterone and isoandrosterone) 
is usually, but not invariably (8, 16), much smaller than when an adrenal 
tumor is present. 

In addition to the ketones, the neutral non-ketones, pregnane-3(q),- 
20(a)-diol (6, 17) and A®-androstene-3(8) ,16,17-triol (18, 19), have been 
isolated from normal urine and, in increased amounts, from the urine of 
patients with adrenal tumors (20-22). The urine of one such patient 
studied by Hirschmann and Hirschmann (23) also yielded A5-androstene- 
3(8),17(a)-diol and A*-pregnene-3(8) ,20(a)-diol. Pregnane-3(a) ,20(a)- 
diol was isolated by Butler and Marrian in greater than normal amounts 
from the urine of women with ‘adrenal virilism.’’? They also isolated 
pregnane-3(a) ,17 ,20-triol, .a substance which had not been found in 
normal urjne or in the urine of patients with adrenal tumors. 

A*5_Androstadien-17-one (13, 29) and androsten-17-one (7) have been 
isolated from urinary extracts, but they are very probably artifacts formed 
from the alcoholic ketones or their conjugates during the process of hy- 
drolysis (30). Another ketone, an androsten-3(a)-ol-17-one, also probably 
an artifact, was isolated from the urine of one patient with a cortical 
tumor (13). 3-Chlorodehydroandrosterone has also been isolated from 
normal urine (31) and from the urine of patients with adrenal tumor, 
but it is known to be derived from dehydroisoandrosterone. Other 
crystalline substances have been isolated in small amounts but not identified. 

As the result of the studies on the urine of human subjects which have 


1 A case of adrenal cortical tumor was recently encountered in which the exeretion 
of 17-ketosteroids was only moderately elevated (29 to 30 mg. in 24 hours) and the 
3(8)-hydroxy-17-ketosteroids (dehydroisoandrosterone and isoandrosterone) ¢on- 
stituted only 9 per cent of the total. Three cases have been reported (9, 10) in whieh 
normal values for the urinary 17-ketosteroids were associated with cortical tumors. 

In their first paper Butler and Marrian (24) stated that the urine which was 
furnished by L. R. Broster was‘ obtained from women with adrenal tumors, The 
title of their second paper (25) also stated that the urine was obtained from a woman 
with an adrenal tumor. Later, (26) they corrected their title by replacing “tumor” 
with ‘“‘hyperplasia.”” The statements in the original paper were not corrected, buts 
study of the reports of Broster and Vines (27) and of Broster (28) makes it plain that 
the patients from whom the urine was obtained for the isolation work of Butler and 
Marrian were suffering from hyperplasia and not from tumors of the adrenal cortex. 
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been reported, the only substance which, from chemical considerations, 
conceivably could be related to those adrenal steroids with an oxygen atom 
at C-11 is the androsten-3(a)-ol-17-one of Wolfe, Fieser, and Friedgood (13). 
They suggested the possibility that it was the dehydration product of 
androstane-3 (a) ,11-diol-17-one. Pregnane-3(a) ,20(a)-diol could be de- 
rived from progesterone or desoxycorticosterone. Both of these substances 
have been isolated from adrenal extracts (32-34) and both are known to be 
sources Of urinary pregnanediol (35-39). The adrenal precursor of 
pregnane-3(a) ,17,20-triol is presumably 17-hydroxyprogesterone (40, 41) 
by analogy with pregnane-3(a),20(a)-diol and progesterone. The pre- 
cursor of dehydroisoandrosterone is unknown, but the recent work (42-44) 
which indicates a relation between cholesterol and the production of 
adrenal hormones suggests the possibility that the large amounts of 
dehydroisoandrosterone that are associated with adrenal tumors may be 
the result of uncontrolled oxidation of cholesterol to this substance by the 
tumor. The results of a recent study (45) of the metabolism of dehydro- 
isoandrosterone indicate that it is a precursor of androsterone, etiocholan- 
3(a)-ol-17-one, and A*-androstene-3(8) ,17(a@)-diol. The obvious similari- 
ties of structure also suggest dehydroisoandrosterone as the precursor of 
isoandrosterone and A®*-androstene-3(3),16,17-triol. Many of the com- 
pounds isolated from the adrenal gland may also be precursors of the 
3-hydroxy-17-ketones. 

The present report is based on the study of six patients, all women, 
who had tumors of the adrenal cortex and four additional patients who had 
bilateral adrenal cortical hyperplasia. The clinical features of these cases 
eventually will be reported elsewhere. At this time it is sufficient to state 
that all patients had in varying degrees the endocrine signs and symptoms 
that accompany such lesions. The quantitative excretion of the urinary 
17-ketosteroids in eight of these cases has been reported elsewhere (46). 
In the present report the same case numbers previously employed are used. 

The diagnosis was established at operation in five of the six cases of 
tumor and in three of the four cases of hyperplasia. The one instance 
(Case 12) that is classed as a case of tumor but without absolute proof will 
be discussed later. In three of the cases of hyperplasia the patients were 
female pseudohermaphrodites. In these cases, the anatomic status and 
hyperplasia of the adrenal cortex were established by surgical exploration. 
In the fourth (Case 13), in which exploratory operation was not performed, 
the patient was a brother of one of the pseudohermaphrodites (Case 9). 
At the age of 8, he had symptoms of puberty with a 17-ketosteroid 
excretion of 21 mg. in 24 hours. The urinary steroids which were isolated 
from his urine were consistent with the conclusion that he was suffering 
from the same adrenal disease as was his sister. 
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The methods used in this study were, with some modifications, those 
described by Callow and Callow (4), and by Wolfe, Fieser, and Friedgood 
(13). However, instead of working with large volumes of urine during 
hydrolysis and extraction, 15 to 20 liters of urine were concentrated under 
reduced pressure to 1.5 to 2 liters, and the concentrated urine was subjected 
to hydrolysis and extraction. Collection and treatment of the urine are 


TaBLe I 
Treatment of Urine 


| 
Case No. ‘Preservative Comment 


| HCI|* 5 of 15 specimens extracted for pregnanediol; urinary regj- 
| dues and other specimens pooled and stored in cold room 
| with addition of HCI 


5 | CHCl, Daily specimens pooled and stored in cold room with 10 ml, 

per liter of CHCl, 
6 » HCI* Fresh specimens extracted with butyl alcohol; urinary regi- 
| dues acidified and pooled; later, some but y! alcohol extract 
| recombined with urinary residues 
7 None more specimens pooled and stored in cold room 
HCl* extracted with butyl alcohol; extracts 
reserved for further study; urinary residues acidified and 
pooled 

12 None Daily specimens pooled and stored in cold room 

9 HCl Urine collected in 5 gallon bottle containing 90 ml. concen- 
trated HCI + 180 ml. water 

13 _ Urine collected in 5 gallon bottle containing 90 ml. concen- 
trated HCI + 180 ml. water 

10 “ Daily specimens pooled and stored in cold room after addi- 
tion of HCI 

11 A Urine collected in three 5 gallon bottles each containing 
90 ml. concentrated HC] + 180 ml. water; concentrated 
urine extracted with butyl alcohol and some glucuronides 
separated from extract; remainder of extract and urinary 


| residue combined for hydrolysis ce 


* Usually 5 ml. of concentrated HCI were added to a liter of urine; in any event, 
enough HC! was added to make the urine acid to Congo red. 


summarized in Table I. The neutral extract was separated into four 
major fractions by the method of Wolfe, Fieser, and Friedgood (13). 
Nothing significant was obtained from the non-alcoholic non-ketonie 
fraction. Only 3-chlorodehydroandrosterone was obtained from. the 


-non-aleoholic ketonic fraction in Cases 5, 6, and 7. The unsaturated 


artifacts, androsten-17-one and A* °-androstadien-17-one, were not en- 
countered. The major substances obtained by fractionation of the 
alcoholic ketonie and alcoholic non-ketonice fractions on chromatographic 
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columns of alumina are listed in Table Il. A number of other fractions 
have been isolated but in quantities too small to permit characterization. 

When one considers the wide variations in the amounts of urine available 
and in the concentrations of the steroids and changes in the procedures used, 
itis evident that, in general, the quantities given in Table II are of doubtful 
significance for comparison of the steroid excretion in one case with that in 


TaBLe Il 


Summary of Steroid Fractions Isolated from Urine of Patients with Adrenal Cortical 
Tumors and Hyperplasia 


The results are expressed in mg. 


— — 


Substances isolated 


Urine Neutral extract | 
Ketones Non-ketones 
Patients with adrenal tumors 
| 14,1450, 570/640) 184 6530} | 2 | | 20 
5 13.0 26/9300 5600/2900 2190, 49) 192 11 | 62 | 107 (10 20 
6| 6.4) 710) 894 33 | 33 | | 
7| 31570) 870 391 | 
50.4) 31/8000/3500 3000, 740) 290 127, 77 | 22 
12 15.0 13/3200 1250 1630 
Patients with adrenal hyperplasia 
[1200, 320, 590, 8s 
13 18.0, (1160) 520) 470 Trace 35 | 12 | 105 
1011.0) 13/1350) 410) 410 19, 11, 23 71 | 
11 54.0, 4480/2019 1650, 7) 122 80 219 | 74] | 6 131 


. another. These quantities, however, may be used for comparison with 
other quantities in the same case with reservations as to unknown losses 
during the isolation procedures. The data in Case 6 are not complete, 
owing to losses during an attempt to isolate the conjugated steroids. The 
only conjugate isolated was sodium dehydroisoandrosterone sulfate; the 
amount is included in Table II as dehydroisoandrosterone. The substances 
isolated from the urine in Case 8 are those that were not extracted from the 
wwhydrolyzed urine by butyl alcohol. The substances isolated from the 
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butyl alcohol extract will be described in a later report. The ketonic 
fractions in Cases 9 and 13 were accidentally combined. 

‘Dehydroisoandrosterone was isolated in large amounts from the urine of 
all except one of the patients with adrenal tumors, but in small amounts or 
not at all from the urine of the patients with hyperplasia. The urine ip 
Case 8 was unique in that 17 gm. of dehydroisoandrosterone were isolated 
from the butyl alcohol extract as sodium dehydroisoandrosterone sulfate; this 
quantity is not included in Table II. These results are in agreement with 
those of other investigators and support the suggestion of Crooke and 
Callow that the excretion of large amounts of dehydroisoandrosterone is 
indicative of the presence of an adrenal cortical tumor. 

Androsterone and etiocholan-3(a)-ol-17-one were not found consistently, 
although the latter substance was isolated from the urine in all but one of 
the cases of tumor. Androsterone was found in the urine of all of the 
patients with hyperplasia, whereas etiocholan-3(a)-ol-17-one was found in 
the urine of only one of these patients. These results are in general 
agreement with the quantitative results of Dobriner and his associates (8), 
Their one patient with an adrenal tumor excreted very little androsterone, 
while two of their patients with hyperplasia excreted very little etiocholan- 
3(a)-ol-17-one. 

The ketone which is formulated as androstane-3(a) ,11-diol-17-one or 
11-hydroxyandrosterone (I) (Fig. 1) is the only substance with an oxygen 
atom at C-11 that has been isolated from human urine. A preliminary 
report of its identification as an 11-oxygenated steroid has been made (47). 
Marker and his associates (48-50) have described two alcoholic Cy com- 
pounds which were presumed but not proved to contain an oxygen atom at 
C-11 and which were obtained from the urine of pregnant mares. Dobriner 
and associates (8) described a ketone with a melting point of 199-200° to 
which they assigned the formula, C,,HO;. It was obtained from two 
collections of urine from normal persons and one collection from a patient 
with evidence of adrenal hyperplasia. It may be that this substance is 
androstane-3 (a) ,11-diol-17-one. 

Analysis of our ketone and its acetate indicated the formula C;9H300; 
which would permit the presence of two hydroxyl groups in addition to 
the known ketone group. Since it formed a monoacetate, C2:H32Oq, when 
heated at 90° with pyridine and acetic anhydride, it seemed probable that 
the 3rd atom of oxygen was present as a hydroxyl group in a highly 
hindered position, although the possibility that it was present as a ketone 
group was not excluded. The positions of the 3 oxygen atoms were 
definitely established by oxidation of the alcoholic ketone (I) to androstane- 
3,11,17-trione (II) which has been prepared several times from adrenal 
steroids (51,52). The identity of the oxidation product was established by 
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comparison with a specimen of androstane-3,11,17-trione, which had 
been prepared from an adrenal steroid, and by comparison of their oximes. 

The color produced by the urinary ketone (I) in the Zimmermann 
reaction was characteristic of the 17-ketones. There was maximal absorp- 
tion at 520 my and the absorption curve was practically identical with that 
obtained with dehydroisoandrosterone. The intensity of the color, 
however, was only 74 per cent of the intensity developed by an equi- 


Fic. 1. Conversion of androstane-3(a),11-diol-17-one to androstane-3, 11, 17- 
trione and androstane-3(a),17(a)-diol. The solid line which connects the hydroxy! 
group to C-11 is not intended to imply a 8 configuration. 


molecular amount of dehydroiscandrosterone. Androstane-3 ,11,17-trione 
(II) produced 117 per cent as much color as dehydroisoandrosterone. 

With the ketone group thus placed at C-17, the hydroxyl group which 
could be acetylated must be at C-3. It remained to establish the function 
of the oxygen atom at C-11. Since a hydroxyl group was indicated by the 
analyses, the urinary substance was refluxed for 15 minutes in a mixture of 
setic and hydrochloric acids (4:1). Shoppee (53) and Shoppee and 
Reichstein (54, 55) have shown that this treatment removes an 11-hydroxyl 
group with the formation of a double bond. The main product of this 
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reaction was an androsten-3(a)-ol-17-one acetate (111) which melted at 
190-192°; fa]? = +135° + 3°. Hydrolysis in alkaline solution gave the 


androsten-3(a)-ol-17-one (IV) which melted at 189-190°; [a]? = +140°4 


2°. It was reduced with platinum and hydrogen in acetic acid to andro. 
stane-3(a),17(a)-diol (V) which melted at 219-220°; the diacetate melted 
at 158-160°. The identity of the product of reduction and its acetate wag 
established by comparison with androstane-3(a@),17(a@)-diol and its d- 
acetate, which were prepared from androsterone by the method of 
Butenandt and Tscherning (56). 

This series of reactions definitely established the presence of a hydroxyl 
group at C-11. At the same time, the a configuration of the C-3 hydroxyl 
group was established. Accordingly, the urinary substance was formu- 
lated as androstane-3 (a) ,11-diol-17-one (1). Assignment of a configuration 
to the 11-hvdroxyl group is not possible with the information at hand. 

It was anticipated that loss of the 11-hydroxyl group might vield the 
same androsten-3(a)-ol-17-one that was obtained from the urine of a 
woman with an adrenal tumor by Wolfe, Fieser, and Friedgood (13). 
However, their androstenolone melted at 181—183° and [a]* = +122 
+ 2°. The acetate of their compound melted at 178-180° and [a]?* = 
+114° + 5°. The discrepancies in the melting points and specific rota- 
tions indicate that the androstenolones are not identical, but further in- 
vestigation will be necessary to determine whether or not the differences 
are significant. It is possible that the androstenolone of Wolfe, Fieser, 
and Friedgood is isomeric with ours with respect to the double bond, or 
that it is a mixture of the isomers. 

The position of the double bond in our androstenolone is uncertain but, 
in accord with the conclusions of Shoppee and Reichstein (55), it is placed 
tentatively at 9:11 rather than at 11:12. There is also the possibility 
that the product was a mixture of androstenolones isomeric with respect 
to the double bond. Chromatographic analysis, however, gave no indica- 
tion of the presence of more than one androstenolone. 

Androstane-3(a) , 1 1-diol-17-one conceivably could be derived from any 
of the adrenal steroids with an oxygen atom at C-11, but it is more likely 
that it would be derived from those adrenal steroids which also have 4 
hydroxyl group at C-17 such as 17-hydroxycorticosterone. Von Euw and 
Reichstein (41) isolated the C-3 epimer, androstane-3(s) , | 1-diol-17-one, 
from adrenal extracts. This substance and adrenosterone (A‘-androstene- 
3,11,17-trione) are also possible precursors. 

The non-ketonie fraction of the urinary steroids has been largely neg 
lected. Although Butler and Marrian (24) isolated pregnanediol, preg- 
nanetriol, and an unidentified triol from the urine of women with adrenal 
cortical hyperplasia, it is only recently that Hirschmann and Hirschman 
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(23) have described a chromatographic study of this fraction derived from 
the urine of a boy with an adrenal tumor. In the present study, pregnane- 
3(a) ,20(a)-diol was found in the urine in all but one of the cases. It is 
considered to be derived from adrenal products, since ovarian function 

to be completely suppressed in all of the women. An effort was 
made to isolate sodium pregnanediol glucuronidate from the urine of five 
patients (Cases 3, 5, 6, 8, and 11) by Venning’s method (57). In only two 
eases (Nos. 3 and 11) was it possible to do so. In one instance (Case 11) 
the sodium pregnanediol glucuronidate was accompanied by sodium 
pregnane-3(a),17,20-triol glucuronidate. The mixture, which also con- 
tained approximately 25 per cent of the glucuronidates of hydroxyketo- 
steroids, melted at 250-252°. The melting point was not changed by 
repeated crystallizations. The glucuronides were subjected to enzymic 
hydrolysis and the mixture of steroids was separated into ketonie and 
non-ketonic fractions. The ketonic fraction was further separated into 
several small fractions which could not be identified. The non-ketonic 
fraction Was separated into pregnane-3(a) ,20(@)-diol and pregnane-3 (a) ,- 
17 ,20-triol in the approximate ratio of 2:3. 

Pregnanediol has been found in the urine of women with adrenal tumors 
and hyperplasia by Butler and Marrian (24), Venning, Weil, and Browne 
(58), Salmon, Geist, and Salmon (20), Genitis and Bronstein (59), and 
Anderson, Hain, and Patterson (21). The quantities of pregnanediol 
which were isolated suggest that these diseases of the adrenal cortex result 
in a relatively large production of progesterone or of desoxycorticosterone 
or both. 

The presence of pregnane-3(a@),17,20-triol in the urine of the four 
patients with hyperplasia and its absence from the urine of all but one 
patient with a tumor suggest that the excretion of this substance may be 
characteristic of hyperplasia. Butler and Marrian (24) first isolated this 
substance from the urine of two women with adrenal cortical hyperplasia. 
They, as well as Broster and Vines (27), defended the thesis that it is 
characteristic of ‘adrenal virilism’”’ since it had not been found in normal 
unne. However, the term ‘‘adrenal virilism”’ scarcely can be said to have a 
specific meaning and can be construed to refer to symptoms which may 
be caused by a cortical tumor or by cortical hyperplasia. Up to the 
present time no evidence has been forthcoming as to the possible occurrence 
of this pregnanetriol in the urine of patients with cortical tumors. If the 
presence of any compound in the urine could be established as character- 
istic of hyperplasia or of a tumor exclusively, a valuable tool for differential 
diagnosis would be available. When one considers the protean symptoms 
adrenal cortical tumors, it seems very unlikely that such a compound 
will be discovered. Although pregnanetriol was found in the urine in 
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Case 12, in which the lesion was classified as a cortical tumor, the presenge 
: of the cortical tumor was not verified by exploration or at necropsy. The 
1 patient, however, had a mass overlying the right kidney and there wer 
f masses in the lungs that had the roentgenologic characteristics of metastatic 
| malignant lesions. She had most of the clinical features of Cushing's 
syndrome, and, in addition, many of those that have been described under 
4 the term ‘“‘adrenal virilism.”’ In this case there is the possibility that the 
~ patient had adrenal cortical hyperplasia and an incidental non-adrenal 
malignant lesion. Clinically, this possibility seems far fetched. The facet 
that dehydroisoandrosterone was not found in the urine and that pregnane. 
3(a),17,20-triol was found, assuming that she did have an adrenal cortical 
tumor, becomes exceedingly important and indicates that chemical criteria 
for the differential diagnosis of adrenal cortical tumor and hyperplasia 
are not absolute. The cases previously mentioned in which the urinary 
excretion of 17-ketosteroids was not increased constitute further evidence 
for this view. Although only a limited number of cases have been studied, 
it appears likely that most patients having functioning adrenal cortical 
tumors excrete dehydroisoandrosterone in the urine, that most patients 
having adrenal cortical hyperplasia excrete pregnane-3(a),17 ,20-triol, 
but that exceptions to this general rule do occur. In view of the quantita- 
tive and qualitative differences in the symptoms caused by these hyper- 
functioning lesions, such exceptions are not surprising. 

Two isomeric non-ketones, C,9HO., with similar melting points were 
isolated. The one designated as C;9H yO, (H.) was obtained only from the 
patients with hyperplasia, the other, Cy; 9H gO, (T.), only from patients with 
tumors. Their respective melting points were 203-205° and 207-209°. 
La The melting point of a mixture was depressed to about 180°. The acetate 
and benzoate of C; 9H 20. (H.) were prepared but they could not be erystal- 
: lized. Ovxidation of C;gHs,O,. (T.) with chromic acid gave a small amount 
of crystalline product which melted at 112-113°. Sufficient material was 
not available for further study. 

A®’-Androstene-3(8) ,17(a)-diol was isolated from the urine in three cases 
of adrenal tumor. It was not found in the urine in the cases of hyperplasia 
in which dehydroisoandrosterone was present in very small amounts or 
not at all. This result is in agreement with the suggestion (23, 45) that 
A’-androstene-3(8) ,17(a)-diol is a metabolic product of dehydroisoandros- 
terone, although other possibilities cannot be excluded. 

Another non-ketone which has been obtained in small amounts from the 
urine of two patients with adrenal hyperplasia has been tentatively identi- 
fied as pregnane-3(8) ,20(a)-diol, since its melting point of 180-182° and 
the melting point of its acetate, 142-143°, agree with the recorded (60) 
melting point (182°) of pregnane-3(3) ,.20(a)-diol and its diacetate (141°). 
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The presence of a 3(8)-hydroxyl group was indicated by the formation of 
a precipitate with digitonin in 90 per cent methanol. 

Since Hirschmann (22) described the isolation of A’-androstene-3 (3) ,16,- 
17-triol in 1943, a search for this compound has been made. It is so readily 
isolated that it seems unlikely that it could have been present in appreciable 
amounts in the urine examined. It was found eventually in the alcoholic 
non-ketonic fraction in Case 5, which was eluted with a mixture of acetic 
acid, pyridine, and dry ether (2:20:78). The total weight of crude 
crystalline material was 10.3 mg. It was accompanied by a large amount of 
gum. A*-Androstene-3() ,16,17-triol has since been found in relatively 
large amounts in the urine of two women with adrenal tumors and extensive 
metastatic tumors in the liver. ‘The steroids of these two patients will be 
described in a later report. 

Several cases have been reported (61-63) in which adrenal tumors were 
associated with greatly increased urinary excretions of estrogens as deter- 
mined by bioassay. ‘The urine in one case, in which the patient was a-‘man 
who had become feminized, was investigated by Burrows, Cook, Roe, and 
Warren (29), who were unable to isolate any crystalline estrogen. The 
only case that we have encountered in which there was a high urinary 
estrogenic titer was Case 5. ‘The extract of the pooled urine (26 days) 
contained 88,800 rat units of estrogen which corresponds to an average 
excretion of 3400 rat units per day. The phenolic fraction of the extract 
was separated into fractions containing the ‘‘weak’’ phenols and the 
“strong’”’ phenols. The ‘weak’ phenols were further separated into 
those with ketone groups and those without such groups, by means of 
Girard’s reagent. The ketonic ‘“‘weak’’ phenol fraction yielded 62 mg. of 
estrone. The non-ketonic “‘weak’’ phenol fraction gave a few crystals 
which melted at about 130°. Estradiol could not be identified in this 
fraction. Estriol could not be isolated from the ‘“‘strong’’ phenol fraction. 


EXPERIMENTAL 


The treatment of the urine during collection has been outlined in Table I. 
The pooled specimens were concentrated to approximately a tenth of their 
volume. In four instances (Cases 3, 5, 7, and 12), the concentrated urine 
was extracted with ether or benzene before hydrolysis. The material thus 
obtained was, respectively, 8, 7, 13, and 33 per cent of the total neutral 
extract. Dehydroisoandrosterone was isolated from this preliminary 
extract of the urine in Cases 5 and 7. In Cases 3 and 12 this extract was 
combined with the main extract for fractionation. 

An aliquot of the concentrated urine was titrated with N NaOH and 
Congo red indicator. The urine was then heated to boiling and enough con- 
centrated HCl was added to bring to normal the concentration of acid which 
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could be titrated to Congo red. Boiling was continued for 10 minutes, 
The urine was then cooled under the tap and thoroughly extracted with 
benzene or ether or both. In the later work, the boiled urine was extracted 
three times with 500 ml. of benzene, three times with 500 ml. of ether, and 
twice with 500 ml. of chloroform. The extracts were washed once sepa- 
rately with 10 per cent NaOH. The benzene and chloroform were distilled 
almost to dryness, and the residues were combined with the ether extract 
which had been concentrated to 400 to 500 ml. This ether solution was 
washed twice with 50 ml. of 10 per cent NaOH, twice with 50 ml. of NaOH 
containing 1 gm. of sodium hydrosulfite (Na-S.O,4), and then with water 
until neutral. The ether was dried and distilled and the residue weighed. 

Fractionation of Extract—The total neutral extract was separated into 
ketonic and non-ketonic fractions with the aid of Girard’s Reagent T. The 
non-ketonic fraction was assayed for 17-ketosteroids. If appreciable 
amounts were found, the treatment with Girard’s reagent was repeated. 
Each fraction was separated into alcoholic and non-alcoholic subfractions 
with the aid of succinic anhydride and pyridine (13). This procedure was 
found to be very satisfactory if sufficient anhydride was used. Twice the 
weight of the fraction or approximately 6 molecular equivalents were 
sufficient. 

Neutral Ketonic Fraction—In three instances (Cases 5, 6, and 7), the 
non-alcoholic ketonic fraction yielded 3-chlorodehydroandrosterone by 
crystallization from methanol. This substance is an artifact and is included 
in the amount of dehydroisoandrosterone reported as isolated. The non- 
alcoholic fraction was subjected to chromatographic analysis in Cases 6, 7, 
and 12. Nothing crystalline was obtained other than chlorodehydro- 
androsterone. 

The procedure for chromatographic analysis of the alcoholic ketonie 
fraction was that used by Callow and Callow (4). The alumina was the 
product manufactured by E. Merck (Darmstadt), standardized according 
to Brockmann. The concentration of alcohol in carbon tetrachloride was 
increased progressively from 0.1 to 10 per cent by volume. ‘The substances 
are listed in Table III, according to the order in which they were eluted 
from the columns. Many of the fractions so obtained contained only 
material which could not be made to crystallize. They were discarded 
after exhausting every means to obtain crystals or a crystalline derivative. 
Most of the fractions that appeared to be entirely crystalline contained 
some amorphous material which was removed by recrystallization. The 
fractions which were partially crystalline and obviously contained mueh 
amorphous material were dissolved in a relatively large volume of acetone, 
and an equal volume of water was added. Partial or complete evaporation 
of the acetone resulted in the formation of crystals, while the amorphous 
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material remained largely in suspension. The erystals could be separated 
readily by slow centrifugation or by filtration. This procedure afforded a 
convenient preliminary purification. 

Meliing Points— The melting points below 250° were determined with 
the Fisher-Johns apparatus. They are recorded as read. The melting 
points above 250°, except where indicated, were determined with a gas- 
heated block and are corrected for stem exposure. 

3-Chlorodchydroandrosterone——The extract of the urine in Case 5 gave 
the largest amount of 3-chlorodehydroandrosterone. From 1.86 gm. of the 
non-alcoholic ketone fraction 640 mg. of crystals were obtained by recrystal- 


Tasie Ill 
Urinary Steroids and Solvents l ‘sed for Their Elution Jrom Chromatographic Columns 
Substance Solvent used for elution 
Androsterone. + 0.1% aleohol 
Etiocholan- 3(a)- 17 -one. 10.2% alcohol 
Non- ketones 
3(3),20(a)- diol Benzene + 0.1-0.2% alcohol 
+ 4° aleohol 
4*-Androstene-3(3)16.17-triol. _ Acetic acid, pyridine, dry ether, 2, 20, 


_ and 78 parts by volume 


lization from methanol. ‘They melted at 156—157° and [a]® = +19° + 1.1° 
(¢ = 0.890 in alcohol). A qualitative test showed the presence of chlorine. 
Butenandt and Dannenbaum (31) gave a melting point of 157° and 
= +15.5° for 3-chlorodehydroandrosterone. For identification, 
44 mg. were heated at 150° for 3 hours with 300 mg. of sodium benzoate 
and 2 gm. of benzoic acid. The cooled mixture was treated with water 
and NaOH and filtered. The insoluble residue was crystallized from 
methanol. It melted at 258° (corrected) and the melting point was not. 
depressed by admixture of dehydroisoandrosterone benzoate. 
Dehydroisoandrosterone, Androsterone, and Etiocholan-3(a)-ol-17-one— 
These substances were eluted from the column in the order given. Their 
purification and properties have been described sufficiently by Callow and 
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Callow (4, 5) and others (6, 7, 13). ‘Their identities were established by 


comparison of the purified fractions and their acetates or benzoates with the 
corresponding authentic specimens. Addition of one substance to either 
of the other two resulted in a marked depression of the melting point. 

Androstane-3 (a) , 1 1-diol-17-one (11-Hydroryandrosterone )—T hissubstance 
was eluted from the column of alumina by carbon tetrachloride containing 
0.4 to 0.5 per cent of alcohol. It was always well separated from the 
etiocholan-3(a)-ol-17-one fraction. It was readily purified by reerystal- 
lization from acetone and melted at 197-198°. 


CisH3003. Calculated, C 74.44, H 9.87; found, C 74.24, H 10.19 
la]n = +96.6° + 2° (c = 0.590 in alcohol) 


Androsiane-3(a) ,11-diol-17-one Acetate—The acetate was prepared from 
each specimen isolated for purposes of comparison. For analysis, 25 mg. 
were heated at 90° for 30 minutes with 0.5 ml. of pyridine and 0.2 ml. of 
acetic anhydride. The solution was cooled in ice water while an excess of 
cold dilute HCl was added. The monoacetate, which separated in crystal- 
line form, was filtered out, washed with dilute HCl and water, dried, and 
recrystallized from acetone. It crystallized as long rods (18 mg.) which 
melted at 238-240°. 


CaHg20,. Calculated, C 72.38, H 9.26; found, C 72.77, H 9.17 


Oxidation of Androstane-3(a) ,11-diol-17-one to Androstane-3 ,11,17- 
trione—To a solution of 31 mg. (0.1 mm) of substance in 3 ml. of glacial 
acetic acid was added 0.466 milliequivalent of chromic acid in 0.5 ml. of 
90 per cent acetic acid. After the solution had stood overnight, the solvent 
was removed under reduced pressure. The residue was dissolved in ethyl 
acetate and washed free of acid with a solution of sodium bicarbonate. 
Evaporation of the solvent left 30 mg. of neutral material which was 
recrystallized from dry ether. Two crops cf crystals weighed 23 mg. and 
melted at 178-179°. 


CysH»O;. Calculated, C 75.46, H 8.67; found, C 75.98, H 9.00 
la]Jp = +151° + 3° (c = 0.383 in acetone) 


These properties coincided with those of androstane-3 ,11,17-trione which 
had been prepared from adrenal steroids (51) and which melted at 178-179"; 
fa]28 = +152° + 2° (c = 0.570 in acetone). A mixture of the two prepara 
tions melted at 178-179°. Von Euw and Reichstein (64) give a slightly 
higher melting point (182—-183°) for this triketone and [a],> = +1528° 
+ 5° (c = 0.422 in acetone). 

The oximes of these two preparations were prepared in the usual way. 
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After recrystallization from methanol both specimens of oxime and a 
mixture of them melted at 264-268° (decomposition). 

Dehydration of Androstane-3(a) ,11-diol-17-one—A solution of 30 mg. 
in 2 ml. of glacial acetic acid and 0.5 ml. of concentrated HC! was refluxed 
15 minutes. The solvent was removed under reduced pressure. The 
residue was dissolved in ethyl acetate and washed free of acid with a 
solution of sodium carbonate. The solvent was evaporated and the residue 
was chromatographed in 10 ml. of CCl, on a column of 1.5 gm. of alumina 
(by 70 mm.). The first seven 10 ml. portions of CCl, eluted 26 mg. of 
erystals which melted at 191-192° after crystallization from acetone; 
la]? = 135° + 3° (c = 0.340 in 95 per cent alcohol). This large fraction 
proved to be androsten-3(a)-ol-17-one acetate. 


CuHyOs. Calculated, C 76.32, H 9.15; found, C 76.27, H 9.09 


3 mg. of androsten-3(a)-ol-17-one were eluted from the column by 
carbon tetrachloride containing 0.5 per cent of aleohol. After recrystal- 
lization of this substance from dilute methanol, its melting point of 184—186° 
was not depressed by admixture of the free alcohol described in the next 
paragraph. 

Androsten-3(a)-ol-17-one—For hydrolysis, 26 mg. of the acetate were 
dissolved in 15 ml. of methanol and 3 ml. of Nn NaOH. After standing 
overnight the solution was diluted with water and extracted with carbon 
tetrachloride. The extract was washed with water, dried with NaSO,, 
and evaporated to dryness. The residue was recrystallized from ethyl 
acetate. The melting point was then 187-189°; [a]? = +140° + 2° 
(¢ = 0.500 in 95 per cent alcohol). A mixture with the acetate melted at 
1590-155°. Reacetylation of a small portion with acetic anhydride and 
pyridine gave the acetate with a melting point of 188—-190°. When mixed 


with the substance formed by the dehydration procedure, it melted at 


188-191 °. 

Hydrogenation of Androsten-3(a)-ol-17-one to Androstane-3(a) ,17(a)-diol 
—The catalyst, 25 mg. of platinum oxide, and 5 ml. of glacial acetic acid 
were shaken with hydrogen until uptake ceased. Then 12.4 mg. of the 
androstenolone were added and shaking was continued until there was no 
further uptake of hydrogen. The hydrogen absorbed was 1.84 ml.; 
calculated for 2 moles, 1.92 ml. Another 25 mg. of fresh catalyst were 
added and shaking was continued for 4 hours. The catalyst was removed 
by filtration and the acetic acid by distillation under reduced pressure. 
The residue, after recrystallization from acetone, melted at 219-220° 
a mixture with androstane-3(a) ,17(a@)-diol (m.p. 219-220°) melted at 

$-220°. 


The acetate was prepared with pyridine and acetic anhydride. It was 
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recrystallized from dilute methanol and melted at 157-158°. A mixture 
with androstane-3(a),17(a)-diol diacetate (56) (m.p. 159-160°) melted 
at 157-160°. 

Androstane-3(a) ,11-diol-17-one and Androstane-3 ,1?-trione in Zim. 
mermann Reaction—-For the Zimmermann reaction, 0.2 ml. portions of 
absolute alcoholic solutions of androstane-3 (a) ,11-diol-17-one, androstane- 
3,11,17-trione, and dehydroisoandrosterone which contained respectively 
0.902, 0.901, and 1.041 micromoles per ml., were treated with equal volumes 
of 2 per cent m-dinitrobenzene and 2.5 m KOH in absolute alcohol. After 
development of the color for 45 minutes at 25°, the respective colorimetric 
readings were 175, 277, and 274. With the dehydroisoandrosterone as 4 
standard, the first two readings corresponded to 0.665 and 1.052 miero- 
moles per ml. respectively. When these values were divided by the 
respective concentrations, it was found that, molecule for molecule, andros- 
tane-3(a@) ,11-diol-17-one produced 74 per cent and androstane-3,11,17- 
trione 117 per cent as much color as dehydroisoandrosterone. 

The colored solutions were also analyzed in a Beckman spectrophotom- 
eter. Maximal absorption was found at 520 my for all three substances, 

Neutral Non-Ketonic Fraction—The chromatographic analysis of this 
fraction was similar to that of the ketonic fraction, except that benzene 
was used in place of carbon tetrachloride and the fraction was put on the 
column in a mixture of benzene and petroleum ether. A final elution was 
made in two instances (Cases 5 and 11) with a mixture of acetie aeid, 
pyridine, and dry ether (2:20:78 parts by volume). 

Tsolation of A*-Androstene-3(B) ,17(a)-diol—-The largest amount of this 
substance was obtained from the urine in Case 5. It was eluted with 
benzene containing 0.4 per cent alcohol. This fraction (120 mg.) was 
rechromatographed on a column of alumina with carbon tetrachloride- 


alcohol mixtures. The fractions that were eluted with 0.3 to 1 per cent . 


alcohol in carbon tetrachloride were combined (55 mg.) and recrystallized 
from methanol and acetone to a constant melting point of 178-180°; 
[a]s’) = —53.2° + 2.8° (c = 0.357 in alcohol). The crystals (38 mg.) 
gave a crystalline precipitate with digitonin in 90 per cent methanol. A 
mixture with (m.p. 177-178"; la]” = 
—51.4° + 2.5°) prepared from dehydroisoandrosterone (65) melted at 
177-178°. 

A’-Androstene-3(8) ,17(a)-diol Diacetate—5 mg. of A*-androstene-3(§), 
17(a)-diol, 5 drops of pyridine, and 3 drops of acetic anhydride were 
heated at 90° for 30 minutes. After the mixture had cooled, dilute HCl 
was added. The precipitate was filtered out, washed with water, and 
crystallized from methanol. The acetate crystallized as plates whieh 
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melted at 150-1607. Admixture with authentic A*-androstene-3(8) ,17(a@)- 
diol diacetate (m.p. 159 160°) did not depress the melting point. 


CHO, Caleulated, C 73.78, H 9.15; found, C 73.81, H 9.47 


Corresponding fractions in Cases 3 and 8 and their acetates were also 
compared with the authentic specimens and thus identified. 

Isolation of A°-Androstene-3(8) ,16,17-triol—Since considerable of the 
weight of the non-ketonic fraction in Case 5 remained unaccounted for 
after the column of alumina had been washed with 10 per cent alcohol in 
benzene, elution was continued with a mixture of acetic acid, pyridine, and 
dry ether (2:20:78). The greatest weight (170 mg.) was obtained with the 
third 100 ml. portion of this solvent. When this fraction was allowed to 
stand for some time in a small volume of methanol, 10.3 mg. of crystals 
separated. Recrystallization from methanol gave 2.7 mg. of crystals, 
which melted at 264-266° (corrected). Hirschmann (22) gave a melting 
point of 265-270°. The crystals were acetylated at 90° with a few drops 
of pyridine and acetic anhydride. The product, crystallized from dilute 
methanol, melted at 184-185°. A mixture with a specimen of A*-andros- 
tene-3(3),16.17-triol triacetate (m.p. 186-187°), kindly supplied by 
Dr. H. Hirschmann, melted at 184-186". 

Isolation of Preqnane-3(a) ,20(a)-diol—-In some cases this substance 
was not eluted from the column as 2 clear cut fraction. It was associated 
with the two compounds C,9l1~02 when they were present, but could be 
separated from them by a second chromatographic analysis. In this 
second analysis, pregnanediol was eluted from the column before C9H g2O02 
(H.) and after Cy 9H yO. (T.). The pregnanediol was recrystallized from 
methanol. It melted at 237-239°. Not all of the preparations were highly 
purified. As soon as it became evident that the fraction probably was 
pregnanediol, a portion was converted to the acetate which was purified 
for comparison with an authentic specimen of pregnanediol diacetate. 
This procedure was desirable because mixtures of pregnanediol and preg- 
nane-3(a),17.20-triol have the melting point of pregnanediol. The 
acetates of the two substances, however, show the usual depression of their 
melting points when mixed. ‘The first preparations of pregnanediol and 
its diacetate were purified, compared with authentic specimens, analyzed, 
and used as reference compounds for subsequent preparations. 


Pregnane-3(a@),20(a)-diol. CsH Caleulated. C 78.70, H 11.33 


Found. ** 78.97, 11.65 
Pregnane-3(a) ,20(a)-diol diacetate. CxHyO,. Caleulated. C 74.22,H 9.97 
Found. ** 74.32, “ 10.0 
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Isolation of Pregnane-3(a) ,17 ,20-triol—The fractions that were removed 
from the columns with benzene containing 4 per cent of alcohol, after 
several recrystallizations from methanol, melted at 250-252° (Fisher. 
Johns apparatus); [a]?® = —3.9° + 1.9° (c = 0.517 in 95 per cent alcohol), 


C.,Hg0;. Calculated, C 74.93, Hl 10.79; found, C 75.07, H 10.99 


The diacetate was prepared in the cold with acetic anhydride and 
pyridine. After repeated crystallization from methanol it melted at 
156-158°. 


CosH,oO;. Calculated, C 71.38, H 9.59; found, C 71.34, H 9.69 


Butler and Marrian (24) originally gave 243-244° and 136.5° as the melting 
points of pregnane-3(a),17,20-triol and its diacetate. Later (25) they 
revised the melting point of the acetate to 150-151°. 

Isolation of Cy9H 3:02 (H.)—This substance was mixed with pregnanediol 
in the first chromatographic separation of the non-ketonic fraction in 
Case 11. In the second chromatogram it appeared in small amounts with 
pregnanediol in the fraction removed with 0.3 per cent alcohol in benzene. 
The fraction that was removed by 0.5 per cent alcohol in benzene, however, 
was free from pregnanediol. It was best recrystallized from acetone. It 
melted at 203-205°; [a]3> = —26.3° + 1.8° (c = 0.533 in alcohol). 


CisH;202. Calculated, C 77.99, H 11.03; found, C 78.13, H 10.94 


The acetate and benzoate of this substance could not be induced to erystal- 
lize. 

Isolation of Ci9H3202 (T.)—In the first chromatogram in Case 5, this 
substance was eluted from the column along with pregnanediol. The latter 
was removed as much as possible by crystallization from methanol. The 
residue was rechromatographed in benzene on a column of alumina. The 
first nine fractions of 10 ml. each of benzene melted in the range of 185-200°. 
Nothing more was removed from the column until 0.2 per cent of alcohol 
was added to the benzene. This solvent removed crystalline material, 
which melted at 236-237° after recrystallization from methanol and whieh 
was identified as pregnanediol. 

The first nine fractions were combined and recrystallized twice from 
acetone. The crystals then melted at 207—209°; [a]?? = +28.1° + 15° 
(c = 0.677 in alcohol). 


CisHy2O2. Calculated, C 77.99, H 11.03; found, C 77.59, H 11.16 


Oxidation of 8 mg. of this substance with 0.156 milliequivalent of CrQy 
in 0.7 ml. of acetic acid gave 7 mg. of oil from which a few crystals were 
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obtained by crystallization from dilute acetone. The crystals melted at 
112-113°. 

Substance Possibly Pregnane-3(8), 20(a)-diol—The fractions in Cases 11 
and 13, which were eluted with benzene and benzene with 0.1 per cent of 
alcohol, on recrystallization from acetone or methanol, yielded plates which 
melted at 180-182°. The acetate, prepared with pyridine and acetic 
anhydride at 90°, melted at 142-143°. These properties agree well with 
those given by Marker and his associates (60) for pregnane-3(8) ,20(a@)-diol 
(m.p. 182°) and its diacetate (m.p. 141°). A 3(8)-hydroxyl group in the 
urinary substance was evidenced by the formation of a precipitate with 
digitonin. Further work must await the accumulation of more material. 

Phenolic Fraction. Isolation of Estrone from Urine in Case 5—The 
NaOH washings of the total extract of the hydrolyzed urine were made just 
acid to litmus and extracted five times with ether. The ether was washed 
with a solution of sodium carbonate and distilled. The residue, which 
weighed 2.45 gm., was extracted with a total of 100 ml. of hot benzene. A 
smal] aliquot of the benzene solution was removed for bioassay, which 
indicated the presence of 88,800 rat units of estrogen (equivalent to 177 mg. 
of estrone). ‘The benzene was washed five times with 100 ml. of 0.3 m 
Na,CO; to remove ‘“‘strong’’ phenols. The benzene was then removed 
and the residue, in 25 ml. of absolute alcohol, was refluxed 3 hours with 1 
gm. of Girard’s reagent and 5 ml. of acetic acid. The solution was poured 
into a mixture of 14.5 ml. of 5 N NaOH and ice and extracted three times 
withether. The aqueous residue was acidified with 10 ml. of concentrated 
H;SO, diluted with ice water. After 3 hours it was extracted with ether. 
The ether extract was washed with a solution of sodium bicarbonate and 
distilled. The crystalline residue weighed 140 mg. On reerystallization 
from 95 per cent alcohol, three crops of crystals, which had a melting point 
of 247-253°, were obtained for a total weight of 62 mg. Recrystallization 
from methanol gave large, slightly yellow bars which melted at 255-256°. 
A mixture with authentic estrone (m.p. 253-255°) melted at 253—255°. 
The 62 mg. of estrone isolated accounted for approximately 35 per cent of 
the total estrogenic activity determined by bioassay. 

Attempts to isolate estradiol and estriol from the other phenolic fractions 
proved fruitless. Although a few crystals were obtained from the fraction 
in which a-estradiol would be expected, they melted at about 130°, 
whereas a reference specimen of a-estradiol, kindly furnished by the 
Ciba Pharmaceutical Products, Inc., melted at 172—174°. 

Isolation of Glucuronidates—The urine in Case 11 was received in three 
18 liter lots which were worked up separately. The concentrated urine 
(1.5 liters) was extracted seven times with 200 ml. of butyl alcohol. The 
combined extracts were made slightly alkaline with 5 n NaOH and then 
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were washed three times with 25 ml. of Nn NaOH. The NaOH washi 

were washed back twice with 50 ml. of butyl aleohol, which was added to 
the main extract. The butyl] alcohol was distilled under reduced pressure 
and the residue was dissolved in 500 ml. of 0.1 N NaOH. This solution was 
extracted with 200 ml. and three times with 100 ml. of butyl alcohol. The 
extract was washed twice with 25 ml. of water and taken to dryness. The 
residue was dissolved in 25 ml. of water, warmed, and 500 ml. of acetone 
were added. The mixture stood in the refrigerator until the supernatant 
was clear. The partially crystalline precipitate was dissolved in 100 ml, of 
0.1 N NaOH and the solution was extracted with 35 ml. and three times with 
20 ml. of butyl alcohol. The 0.1 N NaOH solution was extracted later, 
three times with 20 ml. and four times with 50 ml. of butyl aleohol. These 
extracts separately were washed twice with 10 ml. of water. The residues, 
after distillation of the butyl alcohol, were dissolved in 3 to 5 ml. of water 
and 40 to 50 ml. of hot acetone were added slowly with shaking. A erystal- 
line precipitate soon appeared and increased in amount as more acetone was 
added. <A total of 1960 mg. of pigmented crystalline material was thus 
obtained from 54 liters of urine. It was dissolved in 10 ml. of warm water, 
5 ml. of hot acetone were added, and the solution was quickly filtered by 
suction. Addition of 45 ml. of hot acetone precipitated 468 mg. of white 
needles which melted at 250-253°. Repeated recrystallizations did not 
change this melting point or the crystal form. Sodium pregnanediol 
glucuronidate separates as plates under these conditions and melts at 
about 270°. The mother liquor vielded additional amounts of material. 

It was assumed that this material was a mixture of glucuronidates, 
It was dried for 12 hours at 105° and analyzed for glucuronic acid by the 
method of Maughan, Evelyn, and Browne (66). The intensity of the 
color produced was 94 per cent of the intensity of color produced by an 
equal weight of sodium pregnanediol glucuronidate. 

Enzymic Hydrolysis of Glucuronidates— The procedure of Talbot, Ryan, 
and Wolfe (67) was used. 540 mg. of the reerystallized glucuronidates 
were dissolved in 30 ml. of water. 20 ml. of the 0.1 N acetate buffer, 
pH 5.0, 2.5 gm. of the acetone-dried rat liver preparation, and a layer of 
toluene were added. After incubation at 37° for 48 hours with occasional 
shaking, the mixture was chilled and filtered. The filtrate and the residue 
of liver were extracted separately with ether. The ether extracts were 
combined, washed with NaHCO; and water, and distilled. The residue 
weighed 340 mg. and assay disclosed 84 mg. of 17-ketosteroids. The 
ketonic material was separated from the non-ketonie with the aid of 
Girard’s reagent. The non-ketonic fraction weighed 234 mg. and the 
ketonic fraction 80 mg. Chromatographic analysis of the non-ketonic 
fraction on a 1 by 10 cm. column of alumina gave 47 mg. of pregnane- 
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3(a) ,20(a)-diol and 75 mg. of pregnane-3(a),17,20-triol, which were 
identified by comparison of their respective diacetates with authentic speci- 
mens. The other fractions (78 mg.) eluted from the column were amor- 
There was an apparent loss of 34 mg. of the non-ketonic fraction. 
Four crystalline fractions were obtained by chromatographic analysis 
of the ketonic fraction, but the amounts were too small to permit identifica- 
tion since their properties did not coincide with any of the known substances. 
These results indicate that the crystalline material isolated from the 
butyl alcohol extract was a mixture of the glucuronidates of pregnane- 
3(a) ,20(a)-diol, pregnane-3(a@),17,20-triol, and various ketones. The 
pregnanediol and pregnanetriol were present in the ratio 2:3 and the 
ketones comprised at least 25 per cent of the steroid moiety. 


Microanalyses were carried out by A. J. Haagen-Smit, California Insti- 
tute of Technology, William Saschek, Columbia University, and by one 
of us (H. L. M.). 


SUMMARY 


Steroids were isolated from the urine of six patients, all women, who had 
adrenal cortical tumors, and four patients who had bilateral cortical 
hyperplasia. A new 17-ketosteroid was isolated from the urine of three 
patients with tumor and all four patients with hyperplasia. It was 
identified as androstane-3(a) ,11-diol-17-one. Two isomerie diols, 
which melted at 203-205° and 207-209°, were obtained, respectively, from 
the urine of three patients with hyperplasia and two patients with tumor. 
From the urine of one patient with a cortical tumor who excreted excessive 
amounts of estrogens, estrone was isolated in an amount corresponding to 
approximately 35 per cent of the total estrogenic activity. 

The isolation of relatively large amounts of dehydroisoandrosterone 
from the urine of five of the six patients with cortical tumor and the isola- 
tion of only small amounts or none from the urine of patients with hyper- 
plasia confirmed, with one exception, the suggestion of Crooke and Callow 
(12) that excretion of excessive amounts of dehydroisoandrosterone is 
characteristic of the presence of an adrenal cortical tumor. Androsterone 
was isolated from the urine of all four patients with hyperplasia and three 
patients with tumor. Etiocholan-3(a@)-ol-17-one was found much more 
consistently in the urine of the patients with tumors (five of six cases) than 
in the urine of those with hyperplasia (one of four cases). 

Pregnane-3(a) ,20(a)-diol was found in all but one of the ten cases, 
Pregnane-3(8) ,20(«)-diol was tentatively identified in two instances by its 
melting point and that of its acetate. Pregnane-3(a) ,17,20-triol was 
obtained from the urine of three patients with hyperplasia and one with a 
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tumor. A°-Androstene-3(8),16,17-triol was obtained in one case and gt 
androstene-3(8) ,17(a@)-diol in three cases of tumor. 


Pregnane-3(a) ,16,17-triol was found to be excreted as a glucuronide 


which could not be separated from pregnanediol glucuronide by recrystallj. 
zation of the sodium salts. 
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tumor. A°-Androstene-3(8),16,17-triol was obtained in one case and 
androstene-3(8) ,17(a)-diol in three cases of tumor. 


Pregnane-3(a) ,16,17-triol was found to be excreted as a glucuronide 


which could not be separated from pregnanediol glucuronide by recrystalli- 
zation of the sodium salts. 
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ESTERIFICATION OF PROTEINS WITH ALCOHOLS OF LOW 
MOLECULAR WEIGHT 


By HEINZ FRAENKEL-CONRAT ano HAROLD 8&8. OLCOTT 
(From the Western Regional Research Laboratory,* Albany, California) 


(Received for publication, August 20, 1945) 


As part of an investigation of the réle played by various polar groups in 
determining the affinity of proteins for water and organic solvents, methods 
for esterifying the carboxyl groups were sought. Diazomethane, methy] 
sulfate, and methyl halides not only combine with the carboxyl groups, but 
also methylate the amino and phenolic groups of proteins (1-4). Reaction 
with hot methyl-p-toluene sulfonate appears to be no more selective and, 
further, leads to hydrolytic breakdown (5). Treatment with | ,2-epoxides 
in aqueous solution at room temperature has recently been shown to 
esterify protein carboxyl groups, but the epoxides also combine with other 
protein groups under conditions favoring esterification (6). The use of 
hydrochloric acid as catalyst for the esterification of proteins and poly- 
peptides was suggested by Felix and Reindl (7). However, IKiesel and 
Znamenskaja (8) showed that the conditions advocated, ¢.c. saturation 
of the protein suspensions in alcohol with hydrochloric acid gas in the cold, 
might cause, besides esterification, other reactions such as loss of amide 
nitrogen and destruction of certain amino acids, particularly of tryptophane. 

Freudenberg and Jacob (9) recently reported that acid chlorides were 
more effective than hydrochloric acid as catalysts for the esterification of 
organic acids. Various acids were quantitatively transformed to the 
methyl or ethyl esters by treatment with the respective alcohol and small 
amounts of acetyl or other acid chlorides for | day at room temperature. 

This reaction has now been applied to proteins. Several proteins were 
found to dissolve in cold absolute aleohols within a few minutes to an hour 
after the addition of catalytic amounts of acetyl chloride. Through 
protein group analyses, alkoxyl determinations, and experiments with model 
compounds, it was demonstrated that esterification of the carboxyl groups 
had occurred. The amino, phenolic, and thiol groups did not react; trypto- 
phane was unaffected. 

However, in contrast to the results of Freudenberg and Jacob, equivalent 
amounts of hydrochloric or sulfuric acid were found to be as effective 
catalysts for the esterification of both proteins and simple acids as was 
acetyl chloride. Thus it appears probable that the catalytic action of 


* Bureau of Agricultural and Industrial Chemistry, Agricultural Research Ad- 
ministration, United States Department of Agriculture. 
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acid chlorides is due to their decomposition by the alcohol with ensuing 
liberation of hydrochloric acid. Nevertheless it is noteworthy, and not 
generally recognized, that low concentrations of hydrogen ions (0.02 to 
0.10 m) suffice to catalyze complete esterification of many carboxylic acids 
with methyl alcohol at room temperature in 24 hours. These conditions 
are considerably milder than those generally employed. They are well 
suited for use with labile substances, such as proteins. 


EXPERIMENTAL 


The gluten, gliadin, hoof and feather keratin, and crystalline egg albumin 
and 8-lactoglobulin preparations were the same as those used in previous 
studies (6, 10, 12). Casein was kindly furnished by the Eastern Regional 
Research Laboratory, the pure, pituitary hormones by C. H. Li, crystalline 
lysozyme by H. L. Fevold, bovine serum albumin by E. J. Cohn, and zine 
insulin crystals by Eli Lilly and Company. Polyglutamic acid was 
prepared according to Bovarnick (11), with the help of J. C. Lewis; it was 
characterized in a recent publication (12). 

The material to be esterified! was suspended in a 20- to 100-fold amount 
of alcohol. To this was added either acetyl chloride, with cooling, in 
amounts corresponding to 10 to 20 per cent of the material, or about half as 
much hydrochloric acid, in methanol or as the 36 per cent aqueous solution. 
To achieve maximal esterification of proteins, a 100-fold amount of alcohol, 
brought to 0.1 N concentration by addition of the catalyst, was found 
favorable. After the mixture had stood at room temperature with occa- 
sional shaking for 1 to 6 days, the product was isolated, either by precipita- 
tion with ether, by evaporation of the solvent and catalyst, or by lyophiliza- 
tion after dialysis. The same techniques, with the exception of dialysis, 
were applied in the preparation and isolation of small molecular esters. 

With simple acids and polyglutamic acid, the completeness of the 
reaction could readily be ascertained by titration of the residual acid groups, 
with phenolphthalein as indicator. The extent of methylation or ethyla- 
tion of proteins was ascertained by Zeise] analyses as modified by Clark 
(13). To assure removal of all unbound alcohol, the protein samples were 
lyophilized from aqueous solution or suspension before analysis. Jansen 
et al. (14) have shown that, with pectin preparations, the last traces of 
alcohol can be replaced by water more readily than they can be removed by 
vacuum drying. The various untreated proteins yielded amounts of vola- 
tile alkyl groups not exceeding, and often considerably less than, those 
equivalent to their methionine contents. The methoxy] values in Table II 
were obtained by subtracting these ‘‘blank”’ values, which presumably 
were due to reactive S-methy] groups. 


1 Since traces of moisture did not interfere with the reaction, no precautions were 
taken to dry the materials. 
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A dye technique (10) was also used for comparing the total acid groups 
of the original with those of the esterified materials. ‘This technique was 
found suitable for esters prepared from higher alcohols (butanol, propylene 
glycol). However, methyl, and, to a decreasing extent, ethyl and n-propyl 
esters were partly hydrolyzed under the test conditions (24 hours in phos- 
phate buffer, pH111.5).2 This tendency was decreased when the analyses 
were performed at 3° instead of at room temperature, but even under such 
conditions, a completely methylated egg albumin preparation lost about 


80 per cent of its methoxyl groups. When shorter time periods were 


employed for equilibration of the dye with soluble proteins and their methyl 
esters (1 hour at 3°), the residual acid groups were found somewhat lower in 
several methylated proteins than in the usual 24 hour test. However, 
all determinations of the residual acid groups, particularly of the methyl 
esters of proteins by the dye technique, yielded high valueg because of the 
lability of these esters.‘ 

The manometric Van Slyke apparatus (16) was used in determining the 
amino groups of proteins (15 minute reaction period). Free phenolic 
groups were estimated by the Herriott modification (17) of the Folin 
method. Since most of the protein derivatives were insoluble at pH 8, 
all samples were hydrolyzed prior to analysis by refluxing with 6 N hydro- 
chloric acid for 6 hours. Control experiments showed that phenolic 


? Differences in the lability of such esters to alkaline hydrolysis are well recognized 
(15). 

3 When borate buffer of pH 9.2 was used, the differences between the dye-binding 
capacities of esterified and original proteins were more marked than those obtained 
by the usual technique. However, the amounts of dye bound by the untreated 
proteins under these conditions were much smaller than those bound at pH 11.5, and 
less than equivalent to their carboxyl groups alone. The lability of the methoxy] 
groups at 38° and at various pH levels is illustrated by results obtained with methyl- 
ated egg albumin, the methoxy! content of which fell from 2.4 to 1.6, 1.1, and 0.9 per 
cent after exposure for 24 hours at pH 8.0, 9.2, and 10.2, respectively. 

‘It may be appropriate to discuss here briefly the limitations encountered during 
the continued use of the dve techniques for the determination of acid and basic 
groups in proteins (10). (1) If derivatives of proteins are under investigation, it is 
essential that any substituents attached to the acid or basic groups be stably bound 
so that they will not be released under the pH conditions of the test (pH 11.5’and 2.2 
respectively). For instance, instabilities at pH 11.5 were encountered with esters of 
protein carboxyl groups and with acid sulfates of the hydroxyl groups (Reitz, Ferrel, 
Fraenkel-Conrat, and Olcott, in preparation for press). (2) The pH of the test 
conditions has to be sufficiently far from the isoelectric point to permit all charged 
groups of the protein to combine with the oppositely charged dye. This is not the 
case when the basic groups of pepsin or of sulfated proteins are to be determined (at 
pH 2.2); it also makes determinations of the acid groups of lysozyme unreliable (see 


- Table II, last foot-note) and of protamine impossible (at pH 11.5). (3) Precipita- 


tion of soluble proteins by the dye under the test conditions is prerequisite. Of a 
great number of proteins tested only isinglass gave no precipitate and the precipita- 
tion of some gelatin preparations appeared incomplete. 
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ethers were stable under these conditions. ‘The Sullivan method (18) 
was used for comparison of the cysteine contents of methylated and 
untreated egg albumin and 6-lactoglobulin. The proteins were hydrolyzed 
in evacuated Thunberg tubes. Tryptophane was determined, after 
alkaline hydrolysis, by the Horn and Jones method (19) with p-dimethyl- 
aminobenzaldehyde. 


Results 


The effectiveness of small amounts of mineral acid (or acetyl chloride) in 
catalyzing the esterification of macromolecular poly acids at room tem- 
perature is well demonstrated with polyglutamic acid. This polypeptide 
dissolves in methanol, ethanol, and propylene glycol soon after addition 
of the catalyst. The extent of esterification was ascertained by titration 
after dialysis (Table I). The acid groups were 97 per cent esterified within 
24 hours of treatment with methanol and 0.05 ~ hydrochloric acid. This 
value was confirmed by methoxyl determinations (calculated for poly- 
glutamic methyl ester, 21.6 per cent CH,;0; found, 20.8 per cent). The 
rate of methylation was found to be dependent upon the catalyst concen- 
tration. Acetyl chloride, concentrated aqueous hydrochloric acid, and 
hydrochloric acid in dry methanol were effective in similar molar concen- 
trations. Primary alcohols other than methanol reacted more sluggishly, 
and isopropanol did not react appreciably. These differences are in agree- 
ment with rates of esterification of simple acids (15). 

All types of polyglutamic esters were more labile in alkali than were the 
corresponding protein esters. Thus the most stable ester studied (7.e., 
that obtained with propylene glycol) was 75 per cent hydrolyzed under the 
conditions of the dve test (24 hours at 3° in buffer of pH 11.5), while in 
proteins most of these ester bonds appear to be sufficiently stable to 
permit the use of the dye technique as a measure of the extent of their 
occurrence (6). 

Several of the proteins investigated resembled polyglutamic acid in 
dissolving in the alcohols used in the early stages of the reaction. These 
were serum albumin, insulin, lysozyme, §-lactoglobulin, and the pituitary 
adrenocorticotropic and lactogenic hormones. Egg albumin dissolved 
only in propylene glycol during esterification. The clear alcoholic protein 
solutions became progressively more viscous or turbid and sometimes set to 
solid gels within 24 hours, depending upon protein concentration. Other 
proteins yielded gels without passing through a soluble phase, while others 
again appeared physically unchanged. White powders could be obtained 
from the gels or alcoholic solutions by addition of several volumes of ether. 
Preducts isolated in this manner were in the form of protein ester hydro- 
chlorides. The alcohol-soluble esters were also readily soluble in water and 
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dilute salt solutions, but less so in excess acid. Addition of alkali to pH 7 
to 8 precipitated these materials and they did not redissolve even when 
brought to pH 10.5 to 11.0. This solubility behavior is similar to that 
observed for protein esters prepared by means of epoxides (6). It is 
attributed to the shift of the isoelectric point to the alkaline side through the 
blocking of the carboxyl groups in the treated proteins.® 

It appeared important to ascertain the stability of the peptide and amide 
bonds of proteins under the conditions used for esterification of their 
carboxyl groups. Osmotic pressure measurements on polyglutamic acid 


TABLE | 
-Esterification of Polyglutamic | Acid with arious Alcohols at 22-24°* 


Extent of esterificationt 


Alcohol | Catalyst 
| 4hrs. | day | 6 days 
per cent per cent per cent 
Methanol... ...... Hydrochloric acid, 0.05 nt. 64 97 
Acetyl chloride, 0.05 ~ 65 7 | 
Ethanol..__... | Hydroehlorie acid, 0.05 | Bt 83§ 
Benzyl! alcohol. 0.05 | | 6 
Propylene glycol . | | | 40 | 76 


* 40 mg. of noby ahetemic acid, 0.0001 mole of catalyst, and 2 ml. of alcohol in all 
but the second experiment, in w hich 0.5 ml. of mothanel was used. 

t As determined by titration after dialysis. 

t Identical : esults were obtained when hydrochloric acid was added in methyl 
alcoholic solution, or in 36 per cent aqueous solution. 

§ When 5 times as much alcoholic hydrochloric acid solution were used, esterifica- 
tion with ethanol was 90 per cent complete at the end cf 6 days. Both the 83 and 
90 per cent esterified material were largely insoluble in water, in contrast to the 
methyl esters of polyglutamic acid. 


and its methyl ester, to be reported elsewhere ,® showed that esterification 
caused no breakdown in this polypeptide, which is more labile towards acid 
than most protein peptide bonds. The stability of peptide and amide bonds 
in acidic alcohol was further indicated by the finding that proteins did not 
show an increase in the number of their free amino groups or a loss in 


5 The shift of the isoelectric point of a protein to the alkaline side upon methyla- 
tion was also demonstrated by an electrophoretic study of the methylated lactogenic 
hormone of the anterior pituitary, performed by Dr. C. H. Li and to be reported 
by him. 

*D. kK. Mecham, H. 8. Oleott, and H. Fraenkel-Conrat, in preparation for press. 
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amide groups after methylation.” The following observation also may be 
regarded as evidence for the integrity of the protein molecule under the 
conditions of methylation. <A partially methylated bovine serum albumin 
preparation (4.5 methoxyl groups per 10* gm. of protein) yielded a small 
fraction which remained water-soluble after electrodialysis. This fraction 
was heat-coagulable (at 70°) and therefore possessed at least one property 
of a “native” protein. 

Representative data concerning the maximal extent of methylation of 
various proteins at room temperature and of the presence of 0.1 N hydro- 
chloric acid are compared, in Table II, with their content of total acid and 
carboxyl equivalents. The latter were computed by subtracting the 
number of phenolic and sulfhydryl groups from the total acid groups. 
The agreement in most cases between the carboxy] contents of the untreated 
proteins and the methoxy] contents of the methylated proteins is suggestive 
evidence for the specificity of the reaction for carboxyl groups. 

In many experiments, not listed in detail, the effect of variations in the 
experimental conditions on the extent of methylation was investigated. 
The same extent of methylation was obtained with equivalent amounts of 
acety! chloride and hydrochloric or sulfuric acid as catalyst. With proteins, 
in contrast to simple or polymeric acids, the amount of catalyst used 
appeared of greater importance than the catalyst concentration. Thus at 
least 30 to 50 equivalents of acid (or acid chloride) had to be used per 10‘ 
gm. of protein in order to approach complete methylation of the carboxyl 
groups. Under these conditions, about 75 per cent of these groups had 
reacted within 1 day, while with legs catalyst (10 equivalents) only 25 per 
cent of the carboxyl groups was methylated in 1 week. The concentration 
of the catalyst in all these experiments was 0.05 or 0.1 mM. When ethanol 


was used under conditions favoring maximal esterification, fewer equi valents 


were introduced into egg albumin than with methanol (cf. foot-note to 


Table IT). 
A few experiments were performed at elevated temperatures (53° and 


70°). The amounts of methoxyl introduced into several proteins were then 


7 Dialyzed preparations were used for amide analyses, since isolation by precipita- 
tion and washing with ether might not remove ammonium chloride if it were formed 
during the reaction. The presence of ammonium chloride in their preparation may 
explain the erroneously high values of Felix and Reind] (7) for the acid and basic 
groups of gliadin as determined by the methoxy] and chloride contents after esterifica- 
tion in methyl] alcohol saturated with hydrochloric acid. However, in an attempt to 
repeat their experiments, although the gliadin dissolved as reported by them, the 
isolated product contained only 3.8 methoxy] groups per 10‘ gm. of protein in contrast 
to the value of 19.5 groups found by Felix and Reindl. No appreciable amounts of 
ammonium chloride could be detected. The value of 3.8 groups agrees with the 
calculated number of eae groups (see Table I]. 
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in excess of their original carboxyl groups. The products differed from 
protein esters prepared at room temperature in having increased amino and 
decreased amide nitrogen contents, evidence that some methanolysis 


TaBLe ITI 


Reaction of Proteins with Methyl Alcohol at 22-24° in Presence of Small Amounts of 
Mineral Acid or Acetyl Chloride* 


| Groups in methyl 
| ated proteins, 
Groups per 10* gm. proteinsf per cent of those 
Protein of 
total acid| cartonylt | ‘methouyl Amino 
8-Lactoglobulin............ 16.9 13.7} 13.6 101 98 
Serum albumin (bevine)............... 14.3 10.8 10.3 O4 
19.3 16.0§ 10.0 98 104 
Lactogenic hormone..... Re ee 11.8 8.8 7.9 100 
a 5.4 3.9 2.1 100 
Deamidated gluten (12)................} 27.7 18.2 


* 30 to 50 equivalents of acid or acety! chloride per 10‘ gm. of protein, in 0.02 to 
0.1 N solution; reaction period, 2 to6 days. 

t Values not corrected for moisture. The moisture content of various proteins 
equilibrated to laboratory conditions varied from about 6 to 10 per cent and was not 
appreciably affected by methylation. The total acid groups were determined 
according to Fraenkel-Conrat and Cooper (10). 

t These values were calculated by subtracting the number of tyrosine and sulfhydry] 
groups from the total acid groups. The values are in general agreement with those 
obtained by other authors through direct analyses, as summarized by Fraenkel- 
Conrat and Copper (10). | 

§ The phosphoric acid groups of casein (2.7 equivalents of phosphorus per 10‘ gm.) 
would be included in this value. They probably are not as readily methylated as the 
carboxy! groups. 

|| When ethy! alcohol was used, 6.0 equivalents were introduced in 5 days. 

* © The strongly basic nature of this protein prevented a reliable determination of 
its acid groups by the dye technique (see foot-note 4). 


occurred at the elevated temperatures. However, proteins that did not 
dissolve during the reaction at room temperature remained largely insoluble 
also at 53° and 70°. 

The extent of esterification of proteins with alcohols other than methanol 
was estimated by the dye technique. 


Representative data on the extent of 
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reaction with egg albumin show that. only partial esterification was achieved 
(Table III). Like polyglutamic acid, proteins react less readily with 


Ill 
Esterification of Egg A lbumin uw vith Alcohols Other Than Methanol* 


Alcohol Reduction in carboxy 
per cent 


* 1 gm. of air-dry protein in 100 ml. of the peapective alcohol, containing 1 ml. of 
concentrated hydrochloric acid, permitted to stand at room temperature for 5 days. 
Only reaction with propylene glycol led to solution of the protein. 

t Calculations based on determinations of total acid groups by the dye technique 
(10) at 3°. Analyses at room temperature indicated a lesser extent of esterification 
in the case of ethanol and propanol (15 and 33 per cent). 

t Alkoxy! determinations indicated esterification of 63 per cent of the carboxyl 


groups in this sample. 


Tasie lV 
Methylation of Acids at Room Temperature in Presence of 0.1 Equivalent of 
Hydrochloric Acid 


24 hrs. hee. 
per cent per cent 

Bensoy!-dl-alanine..................... O7 100 


* Concentration of organic acid 0. 3 n, of hy drechieric acid 0 03 N. 
+ 26 per cent esterification after 6 days. When 0.43 equivalent of hydrochlori¢ 
acid was used, in 0.32 mM solution, 44 per cent esterification occurred within 24 hours 


and 77 per cent within 4 days. 
t 20 per cent esterification after 10 days. Acetic acid was readily methylated 


in the presence of thioglycol, thus indicating that thiols do not inhibit the esterifica- 
tion of fatty acids. 


higher primary alcohols than with methanol, and they do not react ap- 
preciably with the secondary alcohol, isopropanol. 


ti 
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There were no significant differences between the amino nitrogen of 
methylated and untreated proteins (Table II). Similarly, the phenolic 
groups were found free in the treated proteins (Table I1). Neither the 
thiol nor indole groups were affected by the reaction. Thus methylated 
egg albumin and 8-lactoglobulin contained 90 to 100 per cent of the cysteine 
and tryptophane present in the original proteins. Some or all of these types 
of protein groups are affected by other reagents for esterification, such as 
epoxides, diazo compounds, methyl sulfate, or halides (1-6), or by the use of 
excessive amounts of acid as catalyst (7, 8). 

The applicability of the esterification method with catalytic amounts of 
mineral acid was also studied with a few simple compounds.’ Marked 
differences in reactivity, conforming in general with their behavior in other 
methods of esterification (15), were observed (Table IV). The claim of 
Freudenberg and Jacob (9) that hydrochloric acid did not catalyze the 
formation of methyl stearate as effectively as did acetyl chloride could not 
be confirmed. Methyl stearate of similar purity was obtained with 
equivalent amounts of either catalyst during 24 hours at 22—25°.% 

To study the specificity of the method, various phenols and mercaptans 
were treated with methyl alcohol under conditions favoring rapid and 
quantitative esterification of carboxylic acids. There was no measurable 
decrease in the phenolic and thiol groups present in the reaction mixtures, 
as determined by the Folin reactions. After p-cresol had been treated 
with 0.1 ~ hydrochloric acid in methanol for 5 days, its chromogenic value 
(phenol reagent) was 98.5 per cent of that of the control solution containing 
no acid. Under similar conditions, thioglvcol retained its sulfhydryl group 
quantitatively as measured with Folin’s uric acid reagent. ‘Thus the model 
experiments with simple compounds confirm the observation that, of the 
types of groups which occur in proteins, apparently only the carboxy! 
groups are involved in the reaction."” 


SUMMARY 


Carboxyl groups of proteins and model substances are readily methylated 
at room temperature in methyl alcohol containing small amounts of mineral 
acids (0.02 to 0.1. The catalytic activity of acid chlorides in esterifica- 
tions is due to the liberation of hydrochloric acitl. The acid-catalyzed 


* In contrast to acvlamino acids, free amino acids had to be treated with at least 
1.1 equivalents of acid to achieve methylation at room temperature. 

* Freudenberg and Jabob (9) used 20° for their experiments. 

” EF. Jansen of this Laboratory has observed some methyl glucoside formation in 
conjunction with the esterification of galacturonic acid by the present technique (in 
preparation for press). While the rate of the latter reaction greatly exceeded that 
of the former, the possibility must be recognized that any polysaecharides containing 
reducing groups, if such occur in proteins, may participate in the methylation 
reaction. 
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reaction of proteins with methanol appears to be a specific one involving 
only the carboxyl groups; amino, phenolic, thiol, and indole groups and 
peptide and amide bonds are unaffected. Esterification occurs also with 
higher primary alcohols, but is slower and progressively less complete than 
with methanol. Several proteins dissolve in the alcohols during the 


reaction. 
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THE ISOLATION OF PREGNANEDIOL-3a,17-ONE-20 FROM 
HUMAN URINE* 


By SEYMOUR LIEBERMAN anp KONRAD DOBRINER 


(From the Memorial Hospital for the Treatment of Gancer and Allied Diseases, 
New York) 


(Received for publication, July 18, 1945) 


Qualitative and quantitative results obtained in the course of a syste- 
matic investigation of the ketosteroids present in the urine of normal per- 
sons, of pregnant women, and of individuals with leucemia, cancer, and 
disorders of the adrenal gland have been described in previous com- 
munications (1) from this laboratory. In the present report is given a 
of description a hitherto unknown ketosteroid, pregnanediol-3a, 17-one- 
20 (1), which has been isolated from several different urine specimens. 

The compound is a diastereoisomer of allopregnanediol-38,178-one-20 
(II), which was isolated from beef adrenals by Wintersteiner and Pfiffner 
(2), who called it Compound G, and by Reichstein (3), who called it 
Compound L. Likewise it is closely related to Compounds J (III) and 
QO (allopregnanetriol-38,178,208 and its 20-epimer) which Reichstein 
(3, 4) isolated from beef adrenals, and also to pregnanetriol-3a,17,20 (IV), 
which Butler and Marrian (5) isolated from the urine of two women with 
adrenal tumors. The presence of a tertiary hydroxyl group on C-17 
is a distinctive characteristic of these and many other substances which 
have been isolated from adrenal tissue. For this reason, it is highly 
probable that pregnanediol-3a , 17-one-20 is derived from steroids of adrenal 
origin. ‘The immediate precursor of this compound is uncertain, but it 
may be 17-hydroxyprogesterone (V), which has been isolated from beef 


- adrenals (6) or perhaps one or the other of the adrenal steroids having 


ketol side chains. The precursor might even be a substance possessing 
a dihydroxyacetone side chain, like Reichstein’s Compound § (A5-pregnene- 
diol-178 ,21-dione-3,20) (7). This possibility is supported by the ob- 
servations (8-10) that desoxycorticosterone acetate is metabolized in 
both animals and humans to pregnanediol, an indication that the organism 
is capable of reducing the CH,OH group at the 21 position to a methy] 
group. 

Careful examination of very large amounts of steroidal material in 


* The authors gratefully acknowledge the assistance of the Jane Coffin Childs 
Memoria! Fund for Medical Research, the Commonwealth Fund, the Whiting Founda- 
tion, the Felix M. and Frieda Schiff Warburg Foundation, the Mose Rippa Fund, and 
the Alfred P. Sloan, Jr., Research Fund. 
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the urine of normal individuals or pregnant women has failed to reveal 
the presence of pregnanediol-3a,17-one-20. It seems justifiable, there- 
fore, to assume that the substance is a product of either an abnormal 
activity of the adrenal gland or an abnormal metabolism of steroids of 
adrenal origin. Possibly it is an intermediate reduction product between 
adrenal steroids and the prinary pregnanetriol (IV) which also has been 
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isolated only from the urine of individuals with abnormalities of the 
adrenals. To obtain further evidence concerning this point, the non- 
ketonic alcoholic fractions from the urine specimens containing pregnane- 
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diol-3a,17-one-20 are now being examined for the presence of the preg- 
nanetriol. 

About 70 mg. of the new steroid have been obtained from 22 liters of 
urine excreted by a woman having hyperplasia of the adrenal gland,! 
about 700 mg. from 121 liters (about 128 days) of urine of a cryptorchid 
male,? 8 mg. from 17 liters (19 days) of urine of a woman with an adrenal 
tumor,! and 1 mg. from 141 liters (105 days) of urine of a eunuchoid male 
given testosterone by injection.” 

The evidence follows for the conclusion that the compound obtained is 
pregnanediol-3a ,17-one-20. The substance was separated from the other 
constituents of the ketonic a-steroid fraction of urine by chromatographic 
analysis on alumina or on a mixture of magnesium silicate and Celite. 
It was eluted from the alumina with a solution of 30 per cent acetone in 
ether and from the mixture with a solution of 40 per cent benzene in carbon 
tetrachloride. Crystallization of these eluates from acetone produced 
beautiful needles which melted at 210-212°. Further crystallization 
raised the melting points of some samples to 219-219.5°. The specific 
rotation of the material in ethanol was [a]®?® = —7.8° + 2.6°. 

Elementary analysis gave the empirical formula C2;H 3,03, which in- 
dicates a pregnane derivative possessing two hydroxyl groups and one 
carbonyl group. The compound reacted with acetic anhydride in pyridine 
to form a monoacetate (VI), indicating that the unreactive hydroxy! group 
is either on C-11 or in a tertiary position. The substance reacted with 
hydroxylamine to form a monoxime. Oxidation with chromium trioxide 
in acetic acid yielded a crystalline product melting at 132—134° which was 
identical with etiocholanedione-3,17 (VII), thereby proving that the com- 
pound is a steroid of the etiocholane series (H on C-5 cis to methyl on 
C-10). Furthermore, one oxygen substituent is on C-3 and the remaining 
two must be present in the side chain, so arranged that degradation by 
chromium trioxide oxidation results in a product (Cy9H2sO,.) (VII) having 
2 less carbon atoms than the original compound and having a carbonyl 
group at the 17 position. These considerations, together with the fact 
that one of the two hydroxyl groups in the molecule was not acetylated 
when treated with acetic anhydride, indicate the presence of a tertiary 
hydroxyl group on C-17 with the third oxygen substituent vicinal to it on 
C-20. Only such a structure could yield on chromium trioxide oxidation 
etiocholanedione-3,17. Oxidation of the monoacetate (VI) with chromium 
trioxide produced the acetate of etiocholanol-3a-one-17 (VIII), demon- 


2 Obtained through the courtesy of Dr. Fuller Allbright, Massachusetts General 
Hospital, Boston. 

? Obtained through the courtesy of Dr. Ephraim Shorr, the New York Hospital, 
New York. 
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strating that the hydroxyl group which had been acetylated is of the a 
configuration on C-3 and therefore the reactive carbonyl group must be 
on C-20. Consequently the structure of this new urinary steroid is that 
of the hitherto unknown pregnanediol-3a ,17-one-20 (I) or 17-hydroxypreg- 
nanolone. Since Reichstein et al. (11, 12) have demonstrated that all the 
cortical steroids having a hydroxyl group on C-17 are of the same steric con- 
figuration at that asymmetric center, it is probable that the 17-hydroxyl 
group in pregnanediol-3a,17-one-20 is in the 8 position. This substance 
does not reduce Tollens’ reagent, nor is it oxidized by periodic acid. Von 
Euw and Reichstein (13) have demonstrated that Compound L (II) with 
a ketol side chain like pregnanediol-3a,17-one-20, also is resistant to ox- 
idation by periodic acid. 


EXPERIMENTAL®: 4 


The urine from the eryptorchid male was acidified to pH 1 with sulfuric 
acid and extracted continuously with ether for 48 hours. The acidified 
urine was then refluxed for 30 minutes and reextracted with ether for 24 
hours. These two ether extracts were processed as described below, and 
from each pregnanediol-3a,17-one-20 was isolated. All the other urine 
specimens were hydrolyzed by boiling for 30 minutes at pH 1 and then 
extracted continuously with ether. 

The ether extracts were divided into their neutral, phenolic, and acidic 
components. ‘The ketonic and non-ketonic components of the neutral 
fractions were then separated from each other by means of Girard’s reagent. 
The ketonic materials were divided by means of digitonin into the ketonic a- 
and 8-steroids. The a-ketonic fractions so obtained were chromatographed 
either on aluminum oxide (Merck) or on a mixture of magnesium silicate 
and Celite (2:1). 

A complete detailed description of the chromatographic methods em- 
ployed in the separation of the ketosteroids described in this and in the 
previous reports (1) will be given in a subsequent paper. Here the tech- 
niques are illustrated by an outline of the adsorption procedure used to 
separate pregnanediol-3a,17-one-20 from the other ketosteroids found 
in the urine of the cryptorchid male. Because the complete separation of 
a complex mixture of ketosteroids cannot be achieved with a single chro- 
matogram, a systematic procedure modeled after that used in fractional 
crystallization was developed. This procedure is best illustrated by the 
following example. 

A portion of the ketonic a-steroid fraction (representing a 58 day speci- 
men) of the acidified (but not boiled) urine of the cryptorchid male 


* The microanalyses reported herein were done by the courtesy of Dr. A. Elek, 
The Rockefeller Institute for Medical Research, New York. 
‘ All melting points are corrected. 
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contained 990 mg. of ketosteroid as measured by the Zimmermann 
colorimetric method (14). This was dissolved in 300 ec. of carbon tetra- 
chloride, and the solution poured through a column (diameter, 55 mm.) : 
of 55 gm. of magnesium silicate-Celite (2:1). A series of solvents was 
passed through the column so that the adsorbed material was separated 
into five fractions. The fractions, their eluants, and their ketosteroid 
contents’ are shown in Table 

Fractions AI and All were combined and rechromatographed, but since 
no pregnanediol-3a , 17-one-20 was isolated from these fractions, they will 


not be described further. Fractions AIV and AV (90 mg.) were combined 
: and submitted to another Girard separation in order to remove the non- 
TABLE I 
Chromatogram A, Ketonic a-Steroid Fraction from Urine of Cryptorchid Male 
Fraction Eluant Remarks 
ce me 
Al 900 | Carbon tetrachloride 236 | 
AII | 500 we + 25% benzene | 137 
AIII | 500 +3% 425 | Rechromatographed 
500 | Benzene in C | 
500 “ + 25% ether 
AIV | 500 a +5% * 43 | Rechromatographed 
250 | Ether in B 
AV 500 50% methanol 47 
250 | Methanol 
250 | Glacial acetic acid 


* Measured colorimetrically. 


ketonic impurities still present. The introduction of Girard separations 
before each of the subsequent chromatograms was found to be extremely 
valuable, because the subsequent separations were thereby rendered more 


efficient. As a result, the number of chromatograms necessary to effect s 
the complete separation of the ketosteroids was reduced by one-half. a 
The ketonic fraction so obtained (87 mg.) was dissolved in 100 cc. of. s 
carbon tetrachloride and poured into a column (diameter, 25 mm.) of a 
7 gm. of magnesium silicate and Celite (2:1). The development of the p 
column and the fractions obtained are shown in Table II. 
Only one additional chromatogram was necessary in order to obtain, a 


5 Measured colorimetrically. gz) 
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crystalline pregnanediol-3a,17-one-20. Fractions AIII (425 mg.) and 
BI (30 mg.) were combined and submitted to another Girard separation. 
The ketonic fraction (450 mg.)® was dissolved in 200 cc. of carbon tetra- 
chloride and poured into a column (diameter, 55 mm.) of 40 gm. of mag- 


nesium silicate-Celite (2:1). 


The chromatogram is outlined in Table III. 


Reerystallization of Fraction CII from acetone yielded about 100 mg. 
(by weight) of pregnanediol-3a,17-one-20, m.p. 209-212°. 


Taste II 
Chromatogram B, Fractions AIV and AV | 


Vol- ~ 
Fraction | ime Eluant Remarks 
cc. me. 
BI 200 Carbon tetrachloride + 25°% benzene | 30 | Rechromatographed 
200 + 50% in C 
300 
200 7 + 10°% ether 
200 + 20°% 
200 + 40% “ 
200 + 50°, 
100 | Ether 
BII | 200 ‘« + 2°) methanol 27 
200 + 5% 
200 + 10% 
200 + 20°% 
BIII | 200 + W% 7 
200 ‘6 + 40% ‘é 
BIV | 200 + 11 
100 | Methanol 
100 | Glacial acetic acid 


* Measured colorimetrically. 


From another portion of acidified (but not boiled) urine (70 days) of this 
same cryptorchid male the a-ketonic fraction was submitted to a similar 
series of fractional chromatograms and an additional 160 mg. of the new 
sterojd were obtained thereby. 
acidified (128 days) urine which had been refluxed for 30 minutes were 
processed similarly and yielded 440 mg. of crystalline steroid. 

The a-ketosteroids obtained from the urine of the woman with an 
adrenal tumor and from the urine of the eunuchoid male were chromato- 
graphed on a mixture of magnesium silicate and Celite and separated as 


The a-ketosteroids obtained from the 
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described above. The a-ketosteroids obtained from the urine of the woman 
having hyperplasia of the adrenal gland were chromatographed on alu- 
minum oxide (Merck). After a similar fractional analysis involving five 
chromatograms crystalline pregnanediol-3a,17-one-20 was eluted by a 
solution of 30 per cent acetone in ether. 

The crystalline eluates from the chromatograms were recrystallized 
from methanol, from a mixture of benzene and ligroin, or best from acetone, 
to give flat needles melting at 210-212°. Further recrystallization raised 


the melting point to 219-219.5°. The specific rotation is [a]? = —7.8° 
III 
Chromatogram C, Fractions AIII and BI 
| 
Fraction Eluant | Remarks 
= | 
cc me | 
CI 800 | Carbon tetrachloride | 185 | 
Cil 1400 + 10% benzene 203 | Crystalline pregnane- 
1000 + 20% diol-3a,17-one-20 
600 +4. 40% | 
400 + 50% | | 
600 | Benzene | 
600 = + 10% ether | 
CIII | 600 | Non-crystalline residue 
CIV 400 +40% 47 
400 + 50% 
200 | Ether 
400 ‘« + 10% methanol | 
200 | Methanol | 
200 | Glacial acetic acid 


* Measured colorimetrically. 


+ 2.6° (c = 0.379 in ethanol). When 1 mg. was assayed by the modified 
Zimmermann colorimetric method (14), a value equivalent to 0.14 mg. 
of androsterone was obtained. 

Analysis—C2H;,0;. Calculated. C 75.40, H 10.29 


Found. ** 75.26, ** 10.39 
** 75.33, 10.52 


M onoacetate—30 mg. of the compound were refluxed for 1 hour in 1 ce. 
of pyridine containing 0.5 ce. of acetic anhydride. On dilution with water 
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a crystalline product was obtained which, when recrystallized from a 
mixture of acetone and ligroin, formed rosettes melting at 201-202°. This 
compound was eluted from alumina with a solution of 25 per cent ether 
in benzene. 


Analysis—CyuH.O,. Calculated, C 73.36, H 9.64; found, C 73.29, H 9.60 


M onoxrime—20 mg. of the compound were refluxed for 4 hours in 2 cc. of 
an 80 per cent methanol solution containing 50 mg. of hydroxylamine 
hydrochloride and 50 mg. of sodium acetate. Dilution with water pre- 
cipitated 21 mg. of a product which melted at 244-246° (with decom- 
position). Recrystallization from aqueous methanol gave needles which 
decomposed at 247-—250°. 


Analysis—C2HyO;N. Calculated. C 72.16, H 10.10, N 4.01 
Found. 


Oxidation of Pregnanediol-3a,17-one-20 with Chromium Trioxide— 
50 mg. of the substance were dissolved in 0.5 cc. of glacial acetic acid. 
To the solution were added 2 cc. of a 2 per cent chromium trioxide solution 
in 90 per cent acetic acid and the mixture was allowed to stand at room 
temperature for 22 hours. After dilution with water and extraction with 
ethyl acetate a neutral residue was obtained weighing 40 mg. It was 
dissolved in 100 cc. of a mixture of ligroin and benzene (1:1) and poured 
through a column of alumina (5 X 1.5 em.). Developing the column 
with the same solvent mixture yielded in the eighth, ninth, and tenth 
100 cc. portions 18 mg. of a crystalline residue which when recrystallized 
from ligroin (b.p. 30-50°) melted at 132—-134°. When mixed with an 
authentic sample of etiocholanedione-3 ,17 melting at 131-132°, the mix- 
ture melted at 131-132°. A sample of this diketone was prepared for 
analysis by subliming in a high vacuum (10-° mm. of Hg). 


Analysis—C;sH2s02. Calculated, C 79.12, H 9.78; found, C 79.02, H 10.00 


2 mg. of the crystalline eluate were refluxed in 0.5 ce. of methanol con- 
taining 5 mg. of dinitrophenylhydrazine and 1 drop of concentrated HCl. 
In a few minutes a yellow derivative precipitated. It melted at 263-264° 
and did not depress the melting point of the bisdinitrophenylhydrazone 
made from etiocholanedione (calculated for C3;HssOsNs, N 17.28 per cent; 
found, N 17.00 per cent). 

Oxidation of Monoacetate with Chromium Trioride—To a solution of 
42 mg. of the acetate in 0.6 cc. of glacial acetic acid, 0.8 cc. of a 2 per cent 
chromium trioxide solution in 90 per cent acetic acid was added. After 
the mixture had stood at room temperature for 5 hours, water was added 
and the solution was extracted with ethyl acetate. The neutral oily 
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residue so obtained weighed 40 mg. It was dissolved in 100 cc. of ligroin 
and chromatographed on a column of alumina (7 XK 1.5cem.). 15 mg. of an 
oily product were eluted by a mixture of ligroin and benzene (1:1). It was 
dissolved in ligroin and after standing overnight crystallized as rosettes 
melting at 92-96°. Recrystallization from ligroin raised the melting 
point to 96-97°. This product did not depress the melting point of an 
authentic sample of etiocholanol-3a-one-17 acetate, m.p. 94—95°. 


SUMMARY 


A new steroid, C2:H3,O3, m.p. 219-219.5°, has been obtained from the 
urine of a woman with adrenal hyperplasia, of a cryptorchid male, of a 
woman with an adrenal tumor, and of a eunuchoid male given testosterone 
by injection. It formed a monoacetate and a monoxime, and yielded on 
chromium trioxide oxidation etiocholanedione-3 ,17. The monoacetate 
was oxidized by the same oxidant to etiocholanol-3a-one-20 acetate. 
Therefore the new urinary steroid is pregnanediol-3a , 17-one-20. 

Because of the presence of a tertiary hydroxyl group on C-17, a char- 
acteristic of some of the steroids produced by the adrenal gland, there 
can be little doubt that the compound described is of adrenal origin. 
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THE METABOLISM IN VIVO OF dl-PHENYLALANINE IN 
THIAMINE DEFICIENCY* 


By MARGARET M. KASER ano WILLIAM J. DARBY 


(From the Departments of Biochemistry and Medicine, Vanderbilt University School 
of Medicine, and the Tennessee Department of Public Health, Nashville) 


(Received for publication, August 20, 1945) 


It is well established that phenylalanine and tyrosine are incompletely 
metabolized in scorbutic guinea pigs (15-17) and by premature infants 
(9, 10). Closs and Foélling (3) have reported that phenylpyruvic acid 
appeared in the urine of thiamine-deficient rats when extra phenylalanine 
was fed. The evidence in support of the latter claim was not conclusive, 
but such a finding would not be inconsistent with the abnormally great 
excretion of pyruvic acid in thiamine deficiency (14, 8) and the rdéle of 
thiamine in the decarboxylation of both a-ketomonocarboxylic acids (11) 
and a-ketoglutarate (1,7). Furthermore, there is some evidence to suggest 
that ascorbic acid synthesis by the rat and the dog is dependent upon an 
adequate supply of thiamine (19, 6, 4). Hence, it is conceivable that thi- 
amine deficiency could lead to a secondary ascorbie acid deficiency in 
these species and, thereby, explain such findings as reported by Closs and 
Folling. 

In efforts to develop methods for the detection of vitamin deficiencies 
in man based upon the appearance of metabolic defects arising from the 
deficiency it is important to know whether the metabolic defect is specific 


for the condition under test. The question arises, therefore, whether 


thiamine lack as well as ascorbic acid deficiency might give rise to the 
appearance in urine of products of the incomplete metabolism of phenylal- 
anine. The experiments here reported were carried out to investigate 
this point. 


Methods 
The thiamine-deficient diet used was of the following composition: 
vitamin-free casein (S. M. A. Corporation) 25, sucrose 64, cottonseed oil 


8, and salt mixture (Osborne and Mendel (13)) 3, plus 5 mg. of riboflavin, 
30 mg. of calcium pantothenate, 2.5 mg. of pyridoxine, 0.5 gm. of choline 
chloride, and | gm. of inositol per kilo of diet. Twice a week each rat 
received 2 drops of a mixture containing equal parts of cod liver oil and 
wheat germ oil. The control diet contained in addition 2.5 mg. of thiamine 


* This study has received financial support from the International Health Division 
of the Rockefeller Foundation and the Nutrition Foundation, Inc. 
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per kilo of diet. The animals were kept in individual wire mesh cages 
and transferred to individual metabolism cages during the periods when 
urine was collected. 

The urines were analyzed for total hydroxyphenyl compounds (12) 
by the Millon reaction as modified by Folin and Ciocalteu (5) and adapted 
for use with the Evelyn photoelectric colorimeter. After phenylpyruvic 
acid and other ether-soluble compounds had been extracted from the acid 
urine in the cold by shaking with an equal volume of ethyl! ether, the non- 
extractable hydroxyphenyl compounds were determined by repeating 
the same procedure. The results are expressed as “tyrosine equivalents,” 
with no attempt to define the exact products responsible for the reaction. 

The reduction of phosphomolybdic acid by the urines was taken as an 
estimate of aromatic keto acid excretion (18, 12, 10). This reduction 
was carried out by the Bodansky method for phosphorus (2) but with omis- 
sion of the stannous chloride and addition of 1/15 KH2PO,. The intensity 
of the color was read in the Evelyn photoelectric colorimeter at the end 
of 3 hours and compared with a phosphorus standard which was prepared 
in the usual manner. No attempt was made to relate the values so ob- 
tained to the actual content of keto acids, as the interest was only in the 
comparative figures. The results are expressed as “phosphorus equiva- 
lents.”” Each urine was also tested qualitatively with ferric chloride, 
which reacts with either phenylpyruvic acid (green) or homogentisic 
acid (blue). 


EXPERIMENTAL 


Albino rats, four females and one male, of the Fischer strain 4 weeks of 
age and weighing 36 to 53 gm. were placed alternately on the control diet 
(3 weeks), the thiamine-free diet (5 weeks), the control diet (4 weeks), 
and, again, the thiamine-free diet (8 weeks). All of the rats exhibited 
signs of thiamine deficiency such as marked loss of weight, typical hunched 
posture, and, in some cases, spasticity and paralysis while on the deficient 
régime, but they developed well during the control feeding. Two of the 
animals died during the period of deficiency. 

During each period a number of 24 hour urine samples were collected 
in bottles containing 1 cc. of glacial acetic acid. The urine was preserved 
by deep freezing (— 20°) for 1 to 5 days until the analyses were made. At 
intervals a solution of 100 or 200 mg. of dl-phenylalanine (Merck) dis- 
solved in water with an equivalent amount of sodium carbonate was 


administered by stomach tube, and the urine was collected in the manner | 


described during the subsequent 24 hour period. 

The urinary excretion values during the various periods are summarized 
in Table I. The ¢ test applied to these data reveals that the differences 
between the mean values for total phenols and for reducing substances 
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(phosphorus equivalent) for the first two experimental periods were sta- 
tistically significant (P< 0.05). The findings suggest that more phenyl- 
pyruvic acid was excreted by the rats on the control diet than when they 
were deficient in thiamine. An increase of excretion of hydroxypheny! 
compounds was again noted when the rats were returned to the control 
diet (Period III). Less marked differences were observed between the 
second control period and the following deficiency period. At no time 
did any of these urines give a color with ferric chloride. 


Tasie 
Analyses of 24 Hour Urine Specimens of Rats Fed Alternately Diets with and without 
Thiamine 
| Hydroxyphenyl compounds as 
| No. “Phosphorus equiva- 
Posed Diet = urine | Before ether ex- | After ether ex- _ 
| mals pon traction traction 
| Range | Mean | Range | Mean Range Mean 
me. me. még. me. me. me. 
I | Control 5 | 10 2.90 |1.5-3.3, 2.520.017-0.073:0.0362 
II | Thiamine-free 5 13 |1.1-3.1) 2.08 |1.2-3.2, 2.05,0.009-0.021/0.0132 
III | Control 3 6 4.0-7.4 5.27 3.5-6.3) 4.600.014-0.029'0.0232 
IV | Thiamine-free 3 9 |3.2-6.4) 4.54 3.0-4.6 .020-0 .033)0 .0271 
Taste II 


Analyses of 24 Hour Urine Specimens of Rats Fed Alternately Diets with and without 
Thiamine following Single Doses of 100 Mg. of Phenylalanine 


Hydroxypheny! compounds as 
— Diet = urine | Before ether ex- | After ether ex- : 
mals no traction traction 
Range Mean | Range | Mean Range Mean 
me me. me. me. me. me. 
II | Thiamine-free 3 3 /1.8-2.8) 2.17 |1.8-2.2) 
III | Control 3 6 (4.7-7.1 5.57 5.12)0.013-0.022'0.0178 
IV | Thiamine-free | 2 2 (2.1-2.3) 2.20 |11.8-2.1) 1.950.016-0.019'0.0175 


The data on the excretion of urine following the administration of test 
doses of dl-phenylalanine are given in Table IJ. It is again evident that 
there was a greater excretion of hydroxyphenyl compounds by the control 
rats than by the deficient animals. ‘These differences were statistically 
significant. The ferric chloride test was positive in only one urine collected 
after feeding 100 mg. of dl-phenylalanine; this was in a deficient animal. 

Two possible explanations of these results are apparent, (1) they may 
reflect the difference in the ages of the animals at the various periods or 
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(2) they may be due to variations in food intake during the two periods of 
feeding. This latter possibility is of considerable importance because of 


the high content of aromatic amino acids in casein. 


In a second experiment twelve 30 to 50 gm. rats of the same strain 
were matched as to sex and divided into two equal groups. ‘These were 
pair-fed. 24 hour urine specimens were again collected and analyzed 
before and after test doses of 200 mg. of dl-phenylalanine. The data 
are summarized in Table III. Statistical analysis of these results fails 
to reveal any significant differences between the animals on the two diets. 
It was concluded that any small differences which had been observed with 
the first group of animals had been due to variations in food intake and 
in the age of the animals at different stages of the experiment. ‘The quali- 
tative test with ferric chloride was negative in all urines except those 


III 
Analyses of 24 Hour Urine Specimens of Rats Pair-Fed on Diets with and without 
Thiamine 
Hydroxypheny! compounds as 
No. No. ee “Phosphorus equiva- 
of of lent” 
Diet ani- | Urine | Before ether After ether 
mals | *Pec- extraction extraction 
mens 
Range Mean) Range |Mean Range Mean 
me. mg. mg. me. | mg. me. 
Control 6 6 /|1.3-3.02.85,1.0-3.52.750.012-0.026 0.0205 
** + 200 mg. phenyl- | 4 4 |3.5-5.54.20.2.4-5.13.55.0.032-0.081 0.0563 
alanine 
Thiamine-free 6 6 |1.0-3.5:2.420.9-3.0 2.25 0.006-0.031 0.0182 
ig + 200 mg. 
phenylalanine 3 |3.0-6.2 4.67 109 0.0670 


following the administration of additional amounts of dl-phenylalanine. 
In the latter case an intense green was obtained with the urines from 
both the deficient animals and the pair-fed controls. 


DISCUSSION 


An examination of the data of Closs and Folling (3) reveals that the 
differences which they observed were based upon qualitative tests applied 
to urines of different concentrations and that the animals were not pair- 
fed. With the feeding régimes and the methods outlined here no evidence 
was obtained that thiamine-deficient rats were less able to metabolize 
dl-phenylalanine in either the amounts present in a diet containing 25 
per cent casein or when additional single doses of 100 to 200 mg. of the 
amino acid were administered by stomach tube. Thiamine deficiency 
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in the rat did not, therefore, lead to the appearance in the urine of an 
increased amount of abnormal metabolic products of the aromatic amino 
acids. ‘These findings are in agreement with the experiences of Levine 
et al. (9) that supplementary vitamin B complex failed to reduce the 
excretion of products of tyrosine metabolism by premature infants. It 
does not appear that thiamine deficiency results in the development of 
a defect, which can be demonstrated in vivo, in the metabolism of pheny!- 
alanine in the rat. 


SUMMARY 


In young albino rats maintained on thiamine-free diets there was de- 
tected no increased excretion of abnormal metabolic products of tyrosine 
or phenylalanine. Following the administration by stomach tube of 
di-phenylalanine to pair-fed deficient and control rats the observed in- 
creases in the output of all metabolites tested for were comparable. 


The authors wish to express their appreciation to Dr. Albert Segaloff 
for the gift of the pure strain rats employed in this study and to acknowl- 
edge the technical assistance of Miss Caroline Ashley and Mrs. Naomi 
Dziewiatkowski and the valuable advice of Dr. Paul Densen in the sta- 
tistical analyses of the results. 
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2,3-DIPHENACYL AND PARA-SUBSTITUTED DIPHENACYL 
ASCORBIC ACID* 


By CARL 8. VESTLING ann MILDRED C. REBSTOCKf 


(From the Division of Biochemistry, Noyes Laboratory of Chemistry, University of 
Illinois, Urbana) 


(Received for publication, August 30, 1945) 


In connection with a study of certain ascorbic acid derivatives in which 
the enediol system has been stabilized by substitution, we have investi- 
gated the reaction of phenacyl halides with ascorbie acid. Phenacyl 
halides react under rather mild conditions with compounds bearing acidic 
hydrogen atoms. They have been shown by Reid and coworkers (1—4) 
and by others (5-9) to yield crystalline derivatives of organic acids in 
numerous cases. 

Ascorbic acid under conditions which do not lead to opening of the 
lactone ring has 2 acidic hydrogen atoms, pl; = 4.21 (10) and pK, = 11.57 
(11). Hence 1 or possibly 2 moles of reagent halide might be involved 
in this type of reaction. In this paper we shall present evidence to show 
that 2,3-disubstituted ascorbic acids have been prepared. 

When ascorbic acid was treated with phenacy! bromide, p-bromophenacy] 
bromide, or p-phenylphenacy! bromide under the conditions to be described, 
reaction occurred and crystalline derivatives were obtained in each case. 
The initial yields were low, but some improvement in yields was effected 
by carrying out the reaction in the absence of air and by neutralizing the as- 
corbic acid solutions at 0° with sodium bicarbonate. | 

The phenacyl derivatives were practically insoluble in water, ether, 
dilute acid, or alkali, but were appreciably soluble in acetone, dioxane, 
pyridine, and hot ethanol. The p-bromo compound was less soluble than 
the phenacyl, while the p-phenyl derivative was very much less soluble 
in all reagents. 

In order to characterize the compounds a number of preliminary quali- 
tative tests were carried out. All phenacyl derivatives failed to reduce 
2,6-dichlorophenol indophenol, which indicates blocking of the enediol 
system. There was no color with ferric chloride, indicating the absence 

*From a thesis submitted by Mildred C. Rebstock in partial fulfilment of the 
requirements for the degree of Doctor of Philosophy in Chemistry in the Graduate 
School of the University of Lllinois. 

One of the authors (M. C. R.) is indebted to the S. M. A. Corporation for financial 
support during part of this investigation. 

t Present address, Research Laboratories, Parke, Davis and Company, Detroit 
Michigan. 
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of enolic hydroxyl groups. No bromine was present in the compound 
prepared from phenacyl bromide and ascorbic acid. Positive Baeyer’s 
and Fehling’s tests were noted, and a reaction with 2,4-dinitrophenyl- 
hydrazine, leading to an extremely insoluble derivative, was observed. 

To establish the structure of the phenacyl compounds we resorted to 
analysis and to the preparation and analysis of dibenzoates, diacetates, 
and isopropylidene derivatives. In addition, Rast molecular weight 
determinations and the ultraviolet absorption characteristics are in support 
of the accompanying structure for these new derivatives of ascorbic acid. 


O 
| | 
R—C,H,—-C——-CH.—O C 
| O R =H, Br, or C,H, 
O C 
| 
R—C,H,— C—-CH,-—O C 
H 
HO—C—H 


CH,OH 


While it was extremely unlikely that these compounds would show any 
antiscorbutic activity, 2,3-diphenacyl ascorbic acid was tested in both 
curative and preventive experiments with young female guinea pigs. The 
material failed to show any vitamin properties, but was non-texic even 
when fed in amounts as large as 60 mg. per day. 


EXPERIMENTAL 


2 ,3-Diphenacyl l-Ascorbic Acid—The following conditions led to the 
best yield. The reaction was carried out in a 200 ml. 3-necked flask pro- 
vided with a reflux condenser and a gas inlet tube leading to the bottom 
of the flask. 5 gm. (0.028 mole) of l-ascorbic acid (Merck, U. 8. P.) 
was added to 25 ml. of ice-cold distilled water which had been deaer- 
ated with wet, oxygen-free nitrogen for 15 minutes. Nitrogen was bub- 
bled into the system throughout the reaction. The pH was adjusted 
to 6.8 (brom-thymol blue) with cold 15 per cent sodium bicarbonate. 
10 gm. (0.05 mole) of phenacyl bromide (Eastman) and 50 ml. of 95 per 
cent ethanol were then added, and the temperature raised quickly to 
140° by means of an oil bath. The temperature was allowed to fall to 
120° and maintained at 120-125° for 2 hours. At the end of this time the 
slightly colored reaction mixture was cooled and placed in the refrigerator. 


= 


eet 


BF 
a 
4 
if 
By 
is 
i 
4 
‘2 
i 
a | 
| | 
: ‘ 
2 
4 
2] 
4 
3 
; 
| 
a 
Be 
& 


C. S. VESTLING AND M. C. REBSTOCK 287 


The next day the crystalline material was collected and recrystallized 
from absolute ethanol. The derivative was obtained in the form of fine 
white needles. The yield after one recrystallization was 42.7 per cent. 
An analytical sample which was recrystallized twelve times melted at 
136-136.5°.' 


Cell (412.36). Calculated, C 64.06, 4.89; found, C 64.09, H 4.93 


2,3-Di-p-bromophenacyl l-Ascorbic Acid— The conditions outlined above 
were adhered to. Recrystallization of this derivative was very difficult, 
and a good analytical sample was not obtained. Ethanol or methanol 
was the most satisfactory solvent. In one preparation a yield of 18.4 
per cent of twice recrystallized material was obtained. After several 
recrystallizations the compound melted at 170.5-171°. 


Coll, (570.18). Caleulated. C 46.32, 3.18, Br 28.02 
Found. ** 45.59, ** 3.37, “ 28.57 


2 ,3-Di-p-phenylphenacyl l-Ascorbic Acid—-A procedure similar to those 
just described was followed. In this case a precipitate formed on heating 
to 140° and did not dissolve subsequently. The crude product from 3 gm. 
of ascorbic acid weighed 4.67 gm. (48.5 per cent yield). It was thoroughly 
extracted with cold acetone and then recrystallized from hot acetone. 
After three recrystallizations the material melted at 217.8-219.5°. 


CyHesOs (564.52). Caleulated, C 72.32, H 5.00; found, C 72.37, H 5.21 


Attempted Preparation of Monophenacyl l-Ascorbic Acid—An attempt 
was made to prepare a mono derivative by carrying out the reaction in 
the presence of a large excess (5 moles) of ascorbic acid. However, only 
the disubstitution product was isolated. 

From a consideration of the difference in acid strengths of the 2 acidic 
hydrogen atoms of ascorbic acid one might predict that a mono-substituted 
derivative could be obtained. In the absence of such a product it may 
be suggested that the Ist mole of phenacyl halide reacts at carbon atom 3 
to form a temporary intermediate. It is possible that the substituent 
at carbon atom 3 serves to increase the dissociation of the hydrogen at 
carbon atom 2, with the result that a 2nd mole of phenacy! halide is intro- 
duced. 

Properties of Phenacyl and Para-Substituted Phenacyl Derivatives—The 
solubility behavior has already been mentioned. The extreme insolubility of 
the p-phenyl compound deserves additional comment. It failed to dissolve 
in hot ethanol and dissolved slowly in hot acetone, being recrystallized 
with difficulty from the latter solvent. 


! All melting points are corrected. 
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Rast molecular weight determinations (12) were attempted before we 
succeeded in preparing crystalline derivatives. For 2,3-dip 
ascorbic acid the value found was 400 (calculated 412) ; for 2,3-di-p-bromo. 
phenacyl ascorbic acid 551 (calculated 570). 

The results of certain preliminary qualitative tests have been discussed 
earlier in this report. 


: 


Molar Extinction Coefficient 


200 240 280 320 


Wave-Length ma 


Fic. 1. Ultraviolet absorption curves. Curve I, 2,3-diphenacy! 1-ascorbie 
acid, 6.317 K 10-5 mM; solvent cell, 1.001 em.; unknown cell, 1.002 em. Curve II, 
acetophenone, 9.114 K 10-5 m, solvent cell, 1.006 cm.; unknown cell, 1.007 em. Curve 
ITI, l-ascorbic acid, 1.056 XK 10-5 m, solvent cell, 1.001 em.; unknown cell, 1.007 em. 


The ultraviolet absorption of 2,3-diphenacy! ascorbic acid was studied 
with the Beckman quartz spectrophotometer. The absorption charac- 
teristics are decidedly similar to those of ascorbic acid and certain other 
ascorbic acid derivatives in which the enediol-lactone system is considered 
to be intact (see Fig. 1). 

In these experiments analytically pure 2,3-diphenacyl! ascorbic acid, 
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redistilled acetophenone, and ascorbic acid (Merck, U. 8. P.) were each 
freshly dissolved in twice distilled 95 per cent ethanol. It can be seen 
that the absorption maximum for both ascorbic acid and the substituted 
ascorbic acid is at 245 mu. For 2,3-diphenacyl ascorbie acid émax. = 
22,600; for ascorbic acid 8300 (see (13)); for acetophenone em, = 11,480 
(see (14)). 

The characteristics of the ultraviolet absorption curves suggest that 
the essential structure of ascorbic acid is not disturbed in the preparation 
of the phenacy! derivatives. 

Derivatives of 2,3-Diphenacyl and 2,3-Di-p-bromophenacyl l-Ascorbic 
Acid—The 5 ,6-diacetate of phenacy]l ascorbic acid was prepared as follows: 
4ml. of pyridine and | ml. of acetic anhydride were cooled to 0°. 300 mg. 
of phenacy! ascorbic acid were then added. After 30 hours at O° the 
reaction mixture was poured into ice-water. Crystallization occurred 
immediately. The material was recrystallized from methanol four times. 
It melted at 101—102°. 


CogHeOyo (496.39). Calculated, C 62.89, H 4.87; found, C 62.75, H 5.02 


The acetylation of the p-bromo compound was carried out as described 
above. After several recrystallizations from absolute ethanol the com- 
pound melted at 154-154.5°. 


CopHO,oBrs (654.22). Calculated. C 47.73, H 3.39, Br 24.43 
: Found. “ 47.81, “3.80, “ 23.71 


The 5,6-dibenzoates were prepared in anhydrous pyridine with excess 
benzoyl chloride and kept at 0° for 2 days. In the case of both reactions 
the systems were poured over ice and, when crystallization failed, ex- 
tracted with ether. The ether solutions were washed with dilute sulfuric 
acid, sodium bicarbonate, and water, and then dried over anhydrous 
sodium sulfate. On removal of the ether crystallization occurred. Both 
benzoates were recrystallized several times from absolute ethanol and were 
obtained in the form of fine needles. 

The compound, 2,3-diphenacyl-5,6-dibenzoyl ascorbic acid, melted 
at 119.2—120.2°. 


CyHesO;o (620.52). Calculated, C 69.68, H 4.55; found, C 69.56, H 4.63 


The compound, 2,3-di-p-bromophenacyl-5 ,6-dibenzoyl ascorbic acid, 
melted at 150—150.5°. 


CaeHeO,oBre (778.34). Caleulated. C 55.54, H 3.37, Br 20.53 
Found. ** 55.62, 3.60, 21.29 
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The preparation of 5,6-isopropylidene derivatives of both the 
and the p-bromophenacy! ascorbic acids constitutes perhaps the best 
evidence for the proposed structure of the phenacy] derivatives of ascorbic 
acid. These compounds were prepared according to von Vargha (15), 
Crystallization was induced in each case by the careful addition of loy 
petroleum ether to the acetone solution which had been filtered to remove 
the copper sulfate and concentrated in vacuo. Recrystallization was 
carried out four times with absolute ethanol in each case. 

2 ,3-Diphenacy]-5 ,6-isopropylidene ascorbic acid melted at 135.5-136°. 
It is to be noted that this melting point is only 0.5° lower than that of the 
starting material. However, a marked depression in a mixed 
point determination indicated that a new compound had been obtained, 


CosHxOs (452.38). Calculated, C 66.36, H 5.35; found, C 66.01, H 5.58 


2 ,3-Di-p-bromophenacy]-5 ,6-isopropylidene ascorbic acid melted at 
159.1-159.7°. 


C2;H2.0sBr, (610.21). Calculated. C 49.20, H 3.63, Br 26.19 
Found. ** 49.64, ‘* 3.94, “* 26.08 


Antiscorbutic Properties of 2,3-Diphenacyl |l-Ascorbic Acid—In both 
curative and preventive experiments on young female guinea pigs, 2,3- 
diphenacyl ascorbic acid failed to show any antiscorbutic properties. 
All animals except ascorbic acid controls either died of scurvy or were 
sacrificed in the last stages of scurvy for blood ascorbic acid analyses by 
the method of Roe and Kuether (16). Daily doses as large as 60 mg. 
fed by pipette as a suspension in sucrose solution were ineffective in pre- 
venting or alleviating symptoms of scurvy, and appeared to be completely 
non-toxic. Blood ascorbic acid values in the test animals were in the 
extreme scurvy range, 0.02 to 0.09 mg. per cent as compared to control 
values of 0.19 to 0.31 mg. per cent. Thus 2,3-diphenacy] ascorbic acid 
is unavailable to the guinea pig when administered orally. 


SUMMARY 


The preparation and properties of 2,3-diphenacyl, 2 ,3-di-p-bromo- 
phenacyl, and 2,3-di-p-phenylphenacyl ascorbic acid have been described. 
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PHOSPHORUS COMPOUNDS IN ANIMAL TISSUES 


I. EXTRACTION AND ESTIMATION OF DESOXYPENTOSE NUCLEIC ACID 
AND OF PENTOSE NUCLEIC ACID* 


By WALTER C. SCHNEIDER 


(From the McArdle Memorial Laboratory, Medical School, University of Wisconsin, 
Madison) 


(Received for publication, July 2, 1945) 


The phosphorus compounds of animal tissues can be divided into the 
following four classes on the basis of their analytical properties, acid-sol- 
uble, lipid, nucleic acid, and protein. The separation of the first two 
groups of compounds from the tissue and from each other is well known 
and consists simply in extracting the tissue with acid to obtain the acid- 
soluble compounds and in extracting the tissue residue with fat solvents 
to obtain the lipids. 

It is not sufficient merely to separate the phosphorus compounds into 
these classes. Methods must also be devised for each compound present 
in each of the four classes of phosphorus compounds. An elaborate analyt- 
ical scheme has already been proposed for the estimation of fourteen 
phosphorus compounds found in the acid extracts of animal tissues (20). 
Preliminary steps towards the determination of the fatty acids in the 
lipid fraction have been undertaken (12). 

The purpose of the present report is to describe (1) a method for the 
quantitative extraction of the nucleic acids from animal tissues, (2) the 
integration of this extraction procedure with previous methods for acid- 
soluble and lipid phosphorus so that all four groups of phosphorus com- 
pounds can be determined on a single tissue sample, and (3) the appli- 
cation of colorimetric methods to the estimation of the nucleic acids in the 
tissue extracts and the correlation of the results of the measurements with 
the phosphorus found in the extract. The new extraction method con- 
sists simply in heating the tissue with 5 per cent trichloroacetic acid after 
removal of phospholipids and acid-soluble phosphorus compounds. 


*This work was aided by a grant from the Jonathan Bowman Fund for Cancer 
Research. 

Some of the material reported in this paper was taken from a thesis submitted to 
the Graduate School of the University of Wisconsin in partial fulfilment of the re- 
quirements for the degree of Doctor of Philosophy. 

In this paper, “per cent’’ solutions refer to solutions in which the concentrations 
are expressed as gm. of material per 100 ml. of solution. 
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EXPERIMENTAL 
Methods and Materials 


All of the analytical methods used in this paper were based upon color- 
imetric reactions and some of the results are expressed as EF values (E = 
log Ip/I where J,/I is the ratio of the intensity of the incident light to that 
of the transmitted light (17)). Measurements of F values were made with 
the Cenco-Sheard spectrophotelometer adapted to the use of selected 
13 X 100 mm. Pyrex test-tubes. Since the effective thickness of the 
Pyrex tubes is not known, the F values reported are not true extinction 
coefficients but are a characteristic of the set of tubes employed and will 
vary from one set of tubes to another, depending upon the diameter of the 
selected set of tubes. 

Colorimetric Methods—Total phosphorus and nitrogen were measured 
as described by LePage and Umbreit (20). Desoxypentose nucleic acid 
(DNA) was measured by the diphenylamine reaction (11) and by the 
carbazole reaction (11,15). The orcinol reaction (23) was used to measure 
pentose nucleic acid (PNA). 

Nucleic Acid—Seven samples of DNA, two samples of yeast nucleic 
acid, desoxyribose, ribose, and the desoxyribosides of DNA were tested in 
the colorimetric reactions.'_ The DNA samples were prepared from thy- 
mus, pancreas, and fish sperm by various methods ((14, 16, 21, 28); also 
Loring’). 

Preparation of Tissues—The tissues used for analysis were obtained from 
animals fed on the regular laboratory ration of mixed grains. In the case 
of the samples of rat liver, from which the phospholipids were not removed, 
and the mouse lung, the tissues were obtained from animals under nembu- 
tal anesthesia (50 mg. per kilo) and were frozen in liquid air immediately. 
The other tissues were obtained from animals killed by decapitation. The 
frozen or fresh tissues were homogenized in the apparatus of Potter and 
Elvehjem (25). 

Results 


Color Reactions of Nucleic Acids and Nucleic Acid Derwvatives* 


The nucleic acids used in this study showed considerable variation in 
their elementary composition but were found to be suitable as standards 


1The author gratefully acknowledges the following contributions: adenine and 
thymine desoxyribosides from Dr. T. G. Brady (5); thyminose and guanine, thymine, 
and cytosine desoxyribosides from the collection of the late Dr. P. A. Levene through 
the courtesy of Dr. A. E. Mirsky; two samples of sodium thymonucleate from Dr. 
J. P. Greenstein (14); two samples of yeast nucleic acid from Dr. J. A. Bain (2); one 
sample of sodium desoxyribonucleate (fish sperm) from Dr. H. 8. Loring. 

* Loring, H. 8., unpublished method; personal communication. 

? Recently Cohen (8) described a new colorimetric method for DNA involving 
heating the nucleic acid with tryptophane and perchloric acid. The sensitivity of 
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in the colorimetric reactions provided that the color intensities produced 
were referred to the phosphorus content of the sample (28). 

Diphenylamine Reaction—The DNA samples gave an average F value 
of 0.0224 per microgram of phosphorus. Yeast nucleic acid did not in- 
terfere in the reaction. In confirmation of previous observations (8, 
24, 31), 1 mole of DNA was found to produce as intense a color as did 2 
moles of desoxyribose, desoxyadenosine, or desoxyguanosine. The re- 
action of the pyrimidine desoxyribosides was slight and incomplete with the 
diphenylamine reagent (compare (24)). 

Carbazole Reaction—Both DNA and PNA react with the carbazole 
reagent. The average / values per microgram of phosphorus were 0,152 
and 0.0124 respectively. In measuring DNA in tissue extracts with this 


reaction, a correction must be applied for any PNA which may be present. — 


Desoxyribose and the desoxyribosides were tested with this reaction but 
no simple relation existed between the color intensities produced by these 
compounds and that produced by DNA. 

Orcinol Reaction—PN A and DNA gave E values per microgram of phos- 
phorus of 0.135 and 0.0166 respectively in the orcinol reaction. The 
reaction of DNA with this reagent cannot be due to impurities in the DNA 
samples because all samples of DNA gave the same £ values per micro- 
gram of phosphorus (see (1)) and because desoxyribose and the desoxyri- 
bosidées also reacted with the orcinol reagent (1 mole of DNA produced the 
same color intensity as did 4 moles of desoxyribose, desoxyadenosine, 
desoxyguanosine, desoxycytidine, or thymidine). In measuring PNA in 
tissue extracts, a correction must therefore be applied for the reaction of 


this reaction is enormously increased if the fluorescence of the heated solutions is 
measured (Coleman electronic photofluorometer No. 12, Filters B-1 and PC-1). 
Straight line relationships were found to exist between the concentration of DNA 
(as low as 0.5 to 2.5 y) and the intensity of fluorescence. The reaction was carried 
out as follows: 0.8 ml. of 70 per cent perchloric acid (Eimer and Amend) were mixed 
with 0.2 ml. of 1 per cent l-tryptophane (Hoffmann-La Roche) and 0.6 ml. of water 
or DNA solution and the mixture was heated for 20 minutes in a boiling water bath. 
After addition of 6.4 ml. of water, the intensity of the fluorescence was measured. 
The intensity of fluorescence of both blanks and of DNA solutions is. markedly in- 
fluenced by the time of heating and the perchloric acid concentration. Adenine and 
thymine desoxyribosides also yield fluorescent materials when heated with trypto- 
phane and perchloric acid. Ribose nucleic acid does not interfere in the reaction. 
The fluorescent solutions can be extracted with isoamyl] alcohol to yield extracts 
which give linear relationships between fluorescence intensity and DNA concentra- 
tion. The fluorescence is characterized by a marked sensitivity to ultraviolet 
light and the fluorescence intensity decreases considerably upon prolonged exposure 
te ultraviolet light. Although this reaction was not used for any of the analyses 
herein reported, it seems possible that the method could be developed into an 
exceedingly useful and sensitive method for DNA if the steadiness of the galva- 
hometer readings could be increased. This might be accomplished by the use of 
proper organic solvents to extract the fluorescent material. 
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any DNA present. 1 mole of PNA produced a color as intense as that 
produced by 2.6 moles of d-ribose. 


Separation of Nucleic Acids from Nucleoproteins 


In order to measure nucleic acids in animal tissues colorimetrically, it is 
necessary to be able to remove-the nucleic acids quantitatively from other 
tissue components. The following experiments show that heating the 
tissue with 5 per cent trichloroacetic acid at 90° for 15 minutes serves this 
purpose. 

Splitting of Thymus Nucleohistone by Trichloroacetic Acid—A_thymo- 
nucleohistone solution was prepared from rat thymus by the method of 


TABLe I 


Splitting of Thymus \ ucleohistone (TNH) and of Rat Liver Proteins by 
Trichloroacetic Acid (TCA) 


Description | DNA P found 
| Y | Y 
1 Original TNH 107 11.2 106 
Supernatant from TNH after | 106 | ky 10.5 
15 min. at 90° with 5% TCA | | 
2t Rat protein residue heated 15 83009 
min. at 90° with 5% TCA | 
Rat protein residue heated 10 69 | 339 
min. at 100° with 2% NaOH | 


DNA = desoxypentose nucleic acid; PNA = pentose nucleic acid. 
* Calculated from the DNA found, assuming that DNA contains 9.89 per cent 


phosphorus. 


t1 ml. portions of 20 per cent liver homogenates were extracted twice with cold 
TCA before being heated with TCA or NaOH. 


Carter and Hall (6). Aliquots of this solution were heated with an equal 
volume of 10 per cent trichloroacetic acid for 15 minutes at 90°. Aliquots 
of the protein-free filtrate were used for the measurement of DNA and 
total phosphorus. It was possible in this instance to use aliquots of the 
original thymonuclechistone solution equivalent to the aliquots of the 
filtrate in the color tests. The results are reported in Experiment 1, 
Table I. The following conclusions can be drawn: (1) all of the DNA in 
the thymonucleohistone is removed by the hot trichloroacetic acid treat- 
ment, and (2) all of the phosphorus found in the trichloroacetic acid ex- 
tract is accounted for by the phosphorus in the DNA found. 

Further evidence for the splitting of nucleoproteins by trichloroacetic 
acid has been presented by two groups of workers, Schramm and Dan- 
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nenberg (20) have demonstrated that ribose nucleic acid is quantitatively 
split from tobacco mosaic virus by hot trichloroacetic acid.‘ Kaplan and 
Greenberg (18) observed splitting of rat liver nucleoproteins by cold 
trichloroacetic acid after long periods of contact (7 days). 

Splitting of Rat Liver Nucleoproteins by Trichloroacetic Acid—The pre- 
ceding experiment with thymonucleohistone indicated that one extraction 
with hot trichloroacetic acid was sufficient to liberate all of the nucleic 
acid from the protein. ‘This was tested further by using rat liver homo- 
genates as sources of proteins containing both DNA and PNA. The 
intensities of the orcinol and diphenylamine reactions were considered to 
be valid measures of PNA and DNA respectively. In Experiment 2, 
Table I, the yields of DNA and of PNA from rat liver upon heating with 
trichloroacetic acid and NaOH are compared. The vield of PNA was 
about the same with both reagents, while less DNA was obtained with 
NaOH. To test the completeness of the extraction of the nucleic acids 
from rat liver by hot trichloroacetic acid, the tissue residue from the hot 
acid treatment was either repeatedly heated with trichloroacetic acid or 
heated with NaOH. Neither treatment increased the yield of nucleic acid 
above that observed with a single extraction with hot trichloroacetic acid. 

Time Required for Splitting of Nucleoproteins—Fig. 1 shows the effect 
of the time of heating rat tissues with trichloroacetic acid on the intensity 
of the orcinol and diphenylamine reactions. The experiment was carried 
out as follows: Acid-soluble and fat-soluble phosphorus compounds were 
removed from 1.0 ml. portions of a homogenate containing 194 mg. of rat 
liver and 32 mg. of rat thymus (see the proposed method of analysis for the 
detailed procedure). The tissue residues were then heated with 5.0 ml. 
of 5 per cent trichloroacetic acid for varying periods of time. After being 
cooled and filtered, aliquots of the extract were used for the diphenylamine 
and orcinol reactions. The resulting Z values are plotted in Fig. 1. Max- 
imum amounts of PNA and DNA were obtained with a heating period 
of 10 minutes or longer. 

Concentration of Trichloroacetic Acid Required for Splitting of Nucleo- 
proteins—Acid- and fat-soluble phosphorus compounds were removed from 
portions of a homogenate containing 194 mg. of rat liver and 32 mg. of 
thymus as in the preceding experiment. The tissue residues were then 
heated for 15 minutes at 90° with 5.0 ml. of trichloroacetic acid solutions of 
varying concentration. After the heating period, 100 per cent trichloro- 
acetic acid was added so that the final concentration of trichloroacetic acid 
ineach mixture was 10 per cent. Aliquots of the filtrates were used in the 
diphenylamine and orcinol reactions. The results are plotted in Fig. 2 


* All of the data reported in the present paper were obtained without any knowledge 
of the report of Schramm and Dannenberg (29), which was not concerned with the 
analyties! possibilities of the findings. 
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and show that a trichloroacetic acid concentration of 3 to 4 per cent is 
sufficient for maximum yields of nucleic acids. The acidity is the im- 
portant factor in the splitting of nucleoproteins; if neutralized trichlo- 
roacetic acid is used, no splitting occurs. The nucleic acids liberated at 
zero trichloroacetic acid concentration (Fig. 2) can perhaps be attributed 
to traces of trichloroacetic acid remaining from the preliminary washing 


oRCINO 
0.4r 
DIPHENY L AMINE 
0.3 AMINE 
HE. 
E pip E 
0.2} 
0.1 
@) 5 10 15 20 0 2 4 6 8 10 
MINUTES AT 90°C. GMS. TCA PER 100 CC. 
Fig. 1 Fic. 2 


Fic. 1. The effect of the time of heating rat tissues with 5 per cent trichloroacetic 
acid on the intensities of the orcinol and the diphenylamine reactions. See the text 


for detailed description. 
Fic. 2. The effect of heating rat tissues with various concentrations of trichloroa- 
cetic acid on the intensities of the orcinol and diphenylamine reactions. See the 


text for detailed description. 


of the tissue residue with cold trichloroacetic acid after lipid removal 
(see the proposed method). 


Proposed Method of Analysis 

For purposes of convenience, the analytical method will be described for 
rat liver. All steps are carried out in 16 mm. Pyrex test-tubes cut toa 
length of 100 mm. and provided with a pour out lip. Homogenization of 
the tissue (25) is especially important because it provides an extremely 
fine tissue suspension which facilitates extraction. 

I. Removal of Acid-Soluble Phosphorus Compounds—1| ml. of a 20 per 
cent rat liver homogenate is mixed with 2.5 ml. of cold 10 per cent trichlo- 
roacetic acid and centrifuged. The precipitate is resuspended in 2.5 ml. 
of cold 10 per cent trichloroacetic acid gnd centrifuged. The trichloroace- 
tic acid extracts are combined to form the acid-soluble phosphorus fraction. 
The compounds in this extract can be fractionated as described by LePage 
and Umbreit (20). 
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II. Removal of Phospholipids—The tissue residue from (I) is suspended 
in 1.0 ml. of water, mixed with 4.0 ml. of 95 per cent ethyl alcohol, and 
centrifuged. ‘The residue is resuspended in 5.0 ml. of alcohol and centri- 
fuged. These steps are used to remove traces of trichloroacetic acid left 
in the tissue residue from (I). The tissue residue is now boiled three 
times for 3 minutes each with 5.0 ml. portions of 3:1 aleohol-ether (4). The 
addition of a few small pieces of pumice-stone greatly facilitates boiling. 
The alcohol and the alcohol-ether extracts are combined to form the 

olipid fraction. 

IIT. Removal of Nucleic Acids—The tissue residue from (IT) is suspended 
in 1.2 ml. of water, mixed with 1.3 ml. of cold 10 per cent trichloroacetic 
acid, and centrifuged. The residue is suspended in 5.0 ml. of 5 per cent 
trichloroacetic acid, heated 15 minutes at 90°, cooled, and centrifuged. 
The residue is resuspended in 2.5 ml. of 5 per cent trichloroacetic acid and 
centrifuged. The trichloroacetic acid extracts are combined to form the 
nucleic acid extract.® 

IV. Phosphoprotein—The residue from (III) is mixed with 5.0 ml. of 
2 per cent NaOH and dissolved by heating in a boiling water bath for 10 
minutes. This fraction is considered to be the phosphoprotein fraction. 

Aliquots Used for Analysis—0.5 ml. aliquots of each extract were used 
for total phosphorus determinations. The following aliquots of extract 
(111) were used for nucleic acid measurements: diphenylamine reaction, 
1.0 ml.; carbazole and orcinol reactions, 0.2 ml. each. 

Calculation of Nucleic Acid Results—Since two of the nucleic acid analy- 
ses involve corrections, the calculations will be outlined briefly (see the 
“Results” for the color reaction constants). 


= mi A ml. solution = 
A = micrograms DNA P per solution r 
B “ PNA “ 92 ml. (0.2A x 0.0166) 
0.135 
“ « — 0.0124B 
0.152 


The results can be converted to micrograms of DNA or PNA by dividing 
by 0.099 and 0.095 respectively (15). 


*The sensitivity and the accuracy of the nucleic acid analyses would be greatly 
increased if a means of precipitating the nucleic acids quantitatively from the tri- 
chloroacetic acid extract could be devised. Freshly precipitated Zn(OH), was found 
elective in precipitating DNA (prepared by the method of Hammarsten (16)) in 
concentrations as low as 20 y per ml. The Zn(OH), precipitation method failed to 
precipitate the nucleic acids quantitatively from hot trichloroacetic acid extracts of 
rat liver, however (28). 
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Application of Analytical Method 
The results of the analysis of rat liver, mouse lung, and rat brain are 
summarized in Table II. In some cases, the alcohol and the alcohol-ether 
extractions were omitted. 
Several points should be emphasized in connection with Table II. [p 
the first place, extraction of the phospholipids prior to the nucleie acids 


Tas_e II 
Analysis of Animal Tissues for Nucleic Acids by Means of Hot Trichloroacetic 
Acid Method 


—- - 


Mg. per 100 gm. wet tissue 
| pa (diphenyl | ptound | Peal, | found | 
reaction) culated® | culated® 
Rat livert 7 754 236 254 105 95 191 161 
657- | 196 | 20- | 92- | 85 173- | 145 
910 264 292 127 106 234 179 
Rat liver 4 834 213 98 100 
198— S5- 
1050 221 115 118 
Mouse lungtT S 238 586 591 #468 81 208 137 
194- 399- 527- 143- 
330 879 650 100 118 283 v1) | 
Rat braint 3 195 150 71.6 34.3 100 58 
183- | 138- 69.0- | 31.9- 98- | Se 
204 174 74.0 36.3 103 61 
Rat brain 3 184 124 29.5 29.7 83 53 
| 155- 120- 28.0—-  27.0- 
| 208 130 31.5 | 32.7 85 55 


DNA = desoxypentose nucleic acid; PNA = pentose nucleic acid. 

The average values are given in bold-faced type. 

* These calculations were made on the assumption that DNA contained 9.89 per 
cent phosphorus and 16.76 per cent nitrogen and that PNA contained 9.5 per cent 
phosphorus and 16.1 per cent nitrogen. 

t In these analyses the phospholipids were not extracted prior to the nucleic acid 
extraction. 


had little effect on the amount of nucleic acid revealed by the colorimetric 
PNA or DNA determinations. The higher content of PNA in the lipid- 
extracted rat liver samples may be due to the smaller number of analyses 
or to the fact that the analyses were not made on the same samples of 
tissue. The brain analyses with and without lipid removal were made on 
the same samples of tissue and here the colorimetrically determined nu- 
cleic acids are in excellent agreement. The extraction of the lipids did 
make a difference in the amount of phosphorus in the trichloroacetic acid 
extracts accounted for by nucleic acids. The difference was small m 
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the case of rat liver: 92 per cent of the phosphorus was accounted for in 
the unextracted tissue, while 102 per cent was accounted for in the lipid- 
extracted livers. The difference was striking in the case of rat brain: 
101 per cent of the phosphorus was accounted for by nucleic acids in the 
lipid-extracted brains, while only 48 per cent was accounted for in the 
unextracted tissue. 

Although all of the phosphorus in the trichloroacetic acid extracts can 
be accounted for by nucleic acids, this is not the case for nitrogen. The 
nitrogen found was always higher than that calculated from the nucleic 
acids found (Table II). This may mean either that the nucleic acids in 
these tissues do not conform to the accepted tetranucleotide structure of a 
nucleic acid or that some other nitrogen compound is extracted by the hot 
acid. 

DNA has been measured by two independent methods, the diphenyl- 
amine and the carbazole reactions, and the results check very well (see 
Table 11). ‘This finding indicates that the sugars in the DNA split from 
the protein by the trichloroacetic acid are apparently intact, because 
Dische has demonstrated that the diphenylamine reaction involves only 
the purine-bound sugars of DNA, while the carbazole reaction involves 
only the pyrimidine-bound sugars (11). 

Further evidence for the effectiveness of the new method i is provided by 
the fact that the DNA and the nucleic acid phosphorus found in the hot 
trichloroacetic acid extracts agree well with the values obtained by other 
workers using different methods (3, 9, 10, 13, 19, 22, 26, 27). 


DISCUSSION 


A method has been described for the extraction and measurement of 
nucleic acids in animal tissues. A variety of evidence has been presented 
for the quantitative nature of the extraction. The new method furnishes 
data not only on nucleic acids, but also data on acid-soluble, lipid, and 
protein phosphorus. This feature is of especial significance in work with 
radioactive phosphorus, because in this case it is desirable to be able to 
separate the four classes of phosphorus compounds in a single tissue sample. 

No attempt was made to study the splitting of nucleoproteins by other 
acids, since it was felt that few if any acids could be found which had all of 
the desirable properties of trichloroacetic acid. Other acids such as 
hydrochloric (9, 30) and malonic (7) have been used to split nucleoproteins, 
but these acids are much poorer protein precipitants than is trichloroacetic 
acid. 


The author is indebted to Dr. V. R. Potter for the suggestion of this 
problem and for his continued interest in this work. 
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SUMMARY 


1. Several nucleic acid samples, desoxyribose, ribose, and several de. 
soxyribosides were tested and compared in their reactions with the di- 
phenylamine, orcinol, and carbazole reagents. 

2. It was found that a single’ extraction with hot trichloroacetic acid 
would quantitatively remove nucleic acids from thymonucleohistone and 
from animal tissues. 

3. The effect of the trichloroacetic acid concentration and of the time of 
heating with trichloroacetic acid on the amounts of nucleic acids extracted 
from liver tissues was studied. 

4. The hot trichloroacetic acid extraction was combined with known 
methods to produce a scheme for the separation of the phosphorus com- 
pounds of animal tissues into four groups: acid-soluble, lipid, nucleic acid, 
and protein. 

5. Rat liver, rat brain, and mouse lung were analyzed for nucleic acids. 
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THE VITAMIN A ACTIVITY OF NEO-3-CAROTENE U AND ITS 
STERIC REARRANGEMENT IN THE DIGESTIVE 
TRACT OF RATS 


By A. R. KEMMERER anp G. 8. FRAPS 


(From the Division of Chemistry, Texas Agricultural Experiment Station, College 


(Received for publication, July 11, 1945) 


Recently Polgdr and Zechmeister (1) pointed out that all trans-8-carotene 
can exist in a number of other stereoisomeric forms. Kemmerer and Fraps 
(2, 3) have shown that carotene extracts of plants contain two of these 
stereoisomers, neo-S-carotene B and neo-@-carotene U, in appreciable 
quantities. ‘These authors reported (2) that neo-8-carotene B had one- 
half the vitamin A activity of all trans-8-carotene and that neo-8-carotene 
U did not possess vitamin A activity. Deuel, Johnston, Sumner, Polgar, 
and Zechmeister (4) have since reported that neo-8-carotene U possesses 
38 per cent of the vitamin A activity of all trans-8-carotene. Because the 
results of these authors did not agree with our findings and because neo- 
8-carotene U is present in appreciable quantities in many plant materials, 
we have reinvestigated the biological activity of neo-8-carotene U and this 
paper reports the findings. 

EXPERIMENTAL 
Biological Activity 

Two sources of neo-8-carotene U were used. One was prepared by 
iodine catalysis of crystalline carotene (1) and the other was extracted from 
dehydrated alfalfa leaf meal (2). The neo-8-carotene U was separated 
and purified by chromatographing on a column of calcium hydroxide (2). 
Both preparations were finally dissolved in Wesson oil and were kept in 
the refrigerator during the biological assay. The quantity of neo-8-caro- 
tene U in the Wesson oil solutions was determined by dissolving 1 gm. 
of the oil solution in 100 ml. of hexane and reading the densities at 445 
and 475 my with a Beckman and a Bausch and Lomb spectrophotometer. 
The micrograms per gm. of neo-3-carotene U were calculated from the 
densities by use of molecular extinction coefficients taken from absorption 
curves published by Zechmeister and Polg&r (5). 

The purity of the neo-3-carotene U was checked by chromatographic and 
spectrophotometric analyses. The absorption maxima in hexane were 
474 and 446 my as compared with 474 and 446 to 447 my reported by Zech- 
meister and Polgér (5). The solutions were examined spectrophotometri- 
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cally and chromatographically again at the end of the biological assay, 
The amount of neo-8-carotene U in the solutions had not been reduced, and 
stereoisomerization had not taken place. | 

The U. S. P. method, slightly modified (6), was used for determining 
the vitamin A potency of the neo-S-carotene U. Crystalline carotene 
in Wesson oil was used as a standard and had the following percentage 
composition: impurity A 1.6, 6-carotene 82.6, neo-8-carotene B 1.6, and 
a-carotene 14.2. According to Deuel, Sumner, Johnston, Polg&r, and 
Zechmeister (7), a-carotene has 53 per cent of the vitamin A potency of 
B-carotene and, according to Kemmerer and Fraps, neo-§-carotene B has 
one-half the potency of §-carotene. The §-carotene equivalent of the 
carotene standard, then, is the 8-carotene plus one-half the a-carotene 
plus one-half the neo-8-carotene B, or 90.5 per cent of 8-carotene. The 


TABLE I 
Vitamin A Activity of Neo-8-carotene U 


Vitamin A 
‘of Average pot 
Supplement | rat at ond as cent 
| in 4 
| | 
| gm. 
8-Carotene (equivalent) — 0.6 | 6 23.8 100 
| 0.8 8 37.0 
Neo-8-carotene U (iodine catalysis) ee Y es 6 21.2 (35)* 
ge 30.8 22 
es (from alfalfa) | 1.6 7 19.6 (34)* 
| 3.2 | 10 | 38.1 25 


* Calculated by extending the limits of the standard curve. 


standard solution was freshly prepared every 2 weeks. Both preparations 
of neo-8-carotene U were fed at daily levels of 1.6 and 3.2 y. 

In order to calculate the vitamin A potency of the neo-8-carotene U, 
the gains in weights of the rats on the standard carotene were plotted 
against the log of the dosage. The vitamin A potency of the neo-f-caro- 
tene U, in units of 8-carotene, was interpolated from this curve. 

The results of the biological assays are given in Table I. At the 3.2 
v level of feeding, the vitamin A potency of neo-S-carotene U prepared 
by iodine catalysis of 6-carotene was 22 per cent of that of 8-carotene and 
the vitamin A potency of neo-6-carotene U extracted from alfalfa was 
25 per cent of B-carotene. At the 1.6 y level of feeding, the growth rates 
of the rats were below the limits of the standard curve and are therefore 
not included in the final calculation of vitamin A potency. However, 
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for the sake of comparison, the limits of the curve were extended theo- 
retically to include these growth rates. The results thus obtained (Table 
I) are only approximations and are higher than the others. 


Stereoisomerization in Digestive Tract 


In order to determine whether the vitamin A activity of neo-8-carotene 
U was due to steric rearrangement in the digestive tract, two experiments 
were carried out. In the first experiment, neo-8-carotene U in Wesson 
oil was fed to rats and the resulting carotenoids in the feces determined. 
Three rats 28 to 30 days old were placed in individual cages and fed the 
U.S. P. vitamin A test diet for a preliminary period of 3 days. This tech- 
nique, according to previous work (8), removes all but perhaps traces 
of carotene from the digestive tract. After the preliminary period, the 
rats were continued on the U.S. P. diet and also fed 47 y of neo-8-carotene 
U in Wesson oil, daily, two feeding periods. During the first period the 
rats were fed the neo-8-carotene U solution for 3 days. The feces were 
collected twice daily, stored at 5°, and chromatographic analyses made 
by treatment with alcoholic potassium hydroxide at room temperature 
and separation on calcium hydroxide as previously described (2). During 
the second period, which was a continuation of the first period, the rats 
were fed the neo-8-carotene U solution for 3 days and then continued on 
the basal diet for 2 additional days. The feces for this 5 day period were 
collected and treated and analyzed as in the first feeding period. 

In the second experiment, neo-8-carotene U in Wesson oil was intro- 
duced into the stomach of rats with a catheter, and the carotenoid con- 
stituents determined after the material had remained in the digestive 
tract for short periods of time. Rats 35 days old were fed as in the first 
experiment to remove carotene from their digestive tracts. They were 
fasted overnight (15 hours) and then lightly anesthetized with ethy] ether. 
The catheter was introduced into the stomach by way of the mouth, and 
1.3 ml. of the oil solution of neo-8-carotene U (1°90 y) administered. All 
the rats used were out of the anesthetic immediately after they had been 
given the oil solution. The oil solution was administered in less than 
Iminute. After 0, 4, or 6 hours had elapsed, the rats were killed and the 
stomach and intestines and their contents analyzed chromatographic lly 
for carotenoid constituents (2). 

The results of these two experiments are given in Table II. It is ap- 
parent that steric rearrangement of neo-8-carotene U into carotene takes 
place in the digestive tract. After the neo-@-carotene U solution had 
remained in the digestive tract for 6 hours, the carotenoids in addition 
to neo-8-carotene U consisted of 17.7 per cent S-carotene, 11.5 per cent 
nheo-8-carotene B, and 12.6 per cent impurity A. This is in contrast to 
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only 3 per cent B-carotene at 0 hour. Also, at 6 hours, twice as many 
micrograms of 6-carotene were recovered as at 0 hour. Even greater 
steric rearrangement was found in the feces, the crude carotene of which 
contained 45 per cent 8-carotene. 


TaBLeE II 
Stereoisomerization of Neo-B-carotene U in Digestive Tracts of Rats 
| - © | Constituents in crude 
> carotene extracts 
2 18 
| 2/38) 5 
Neo-8-carotene U_ in| 0 hr. in digestive tract 120 |107 | 3.0, 4.093.0) 3. 
Wesson oil 4 hrs. ‘ 120 | 76 8.0 5 9.9 
120 | 45 7.0)12.6 58.217.7)11.5 
Feces from 3 rats fed | Ist feeding period 423 | 5O (22.5 14.5 28.1)44.9)12.5 
neo-8-carotene U 2nd 423 | 88 10.4/35.8/45.4 8.4 
TaBLeE III 


Effect of New Value for Vitamin A Activity of Neo-8-carotene U’ upon B-Carotene 
Equivalents Previously Published (9, 10) 


8-Carotene equivalent 


| No. of Neo-6- | 
| samples carotene | 
| averaged U | published | Corrected 
Leafy vegetables, raw...................... 83 
ye 8 | 73 76 
6 dehydrated.............. 4 | 74 77 
3 | 2 66 67 
Squash and pumpkin, cooked................ 3 | 5 | 55 56 
Dormant grasses..............-...00.00005: | 43 | 16 | 56 60 


In order to be certain that the steric changes in these two experiments 


were not caused by manipulations in the method used, an aliquot of the 
Wesson oil solution of neo-8-carotene U was treated with alcoholic po- 
tassium hydroxide and separated on calcium hydroxide in the same manner 
as were the feces and the digestive tracts. No steric changes were observed. 
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DISCUSSION 


On the basis of the data obtained, neo-8-carotene U has one-fourth 
the vitamin A potency of 8-carotene. This potency is due to part of the 
neo-8-carotene U being transformed into 8-carotene in the digestive tract 
of the rats. The 8-carotene equivalent of a plant extract, as accurately 
as it can be ascertained at the present time, is the 8-carotene plus one-half 
the neo-8-carotene B plus one-half the a-carotene plus one-fourth the 
neo-8-carotene U. The 8-carotene equivalents given for carotene extracts 
of various plants in our previous publications (9, 10) are slightly low (Table 


III). The greatest differences occur with dormant grasses, cooked leafy 


vegetables, and silage. 


SUMMARY 


Neo-8-carotene U prepared by iodine catalyses of 8-carotene had for 
rats 22 per cent of the vitamin A activity of all trans-8-carotene, and neo- 
g-carotene U extracted from alfalfa had 25 per cent of the activity of all 
trans-8-carotene. ‘This activity was due to steric rearrangement of part of 


the neo-8-carotene U into 8-carotene and neo-8-carotene B in the digestive 


tract of the rats. 
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FUNCTION OF THE VITAMIN Bs GROUP: PYRIDOXAL 
PHOSPHATE (CODECARBOXYLASE) 
IN TRANSAMINATION 


Br HERMAN C. LICHSTEIN,* I. C. GUNSALUS, anv W. W. UMBREIT 
(From the Laboratory of Bacteriology, College of Agriculture, Cornell University, Ithaca) 
(Received for publication, August 17, 1945) 


Vitamin B, has for some time been implicated in protein metabolism. 
More recently a specific function of pyridoxal in the coenzome of tyrosine 
decarboxylase has been found (1), and the discovery of this function 
extended to include amino acid decarboxylases in general (2, 3). All 
members of the vitamin B, group (pyridoxine, pyridoxal,! pyridoxamine) 
are converted into this coenzyme (termed codecarborylase (4) in recognition 
of its function in amino acid decarboxylases) by those organisms using 
them as a source of vitamin Bs (5). The amino acid decarboxylases so 
far shown to require the coenzyme include tyrosine (2, 5, 6), lysine (7), 
arginine (2, 3), ornithine (2), glutamic acid (3), and dopa (3, 4-dihydroxy- 
phenylalanine’). 

The exact structure of the coenzyme is not certain but the properties 
are sufficiently well known to indicate that it is a phosphorylated derivative 
of pyridoxal and to suggest the possible position of linkage. The naturally 
occurring and the synthetic preparations of coenzyme, which possess 
similar properties (2, 8), are referred to here as pyridoxal phosphate, or 
codecarboxylase, without further specification of structure. The function 
of codecarboxylase in amino acid decarboxylation assures it a place in any 
consideration of protein metabolism but does not necessarily mean that 
this is the only function of the vitamin Be group. 

Schlenk and Snell (9) have recently reported that tissues of rats on a 
vitamin Be-deficient diet possess low transaminase activity as compared 
with those of animals supplied adequate amounts of vitamin Bs. The 
transamination rate of deficient tissues could at times be stimulated by the 
addition of pyridoxal and adenosine triphosphate, a procedure known to 
activate the tyrosine decarboxylase system of dried cell preparations of 
Streptococcus faecalis (6). 

Snell (10) has also demonstrated interconversion of pyridoxal and 
pyridoxamine by heating with amino and keto acids respectively, and has 

*On leave from the Department of Bacteriology, Medical School, University of 
Wisconsin, Madison. 

'We are indebted to the Research Laboratories of Merck and Company, Inc., for 


the pyridoxal used in these experiments. 
*Green, D. E., personal communication. 
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suggested that biological reactions to which these systems are analogoiig . 


may, exist. The biological reaction of the conversion of pyridoxamine 
into pyridoxal (in the form of pyridoxal phosphate) in the presence 
of pyruvate has been demonstrated by resting cells of Streptococeus 
faecalis (5). 

Studies, to date, of transaminase enzymes have left some uncertainty 
as to the presence of a coenzyme; Kritzmann (11) reported that a coenzyme 
is required for the aspartic transaminase, whereas Cohen (12) was unable 
to find evidence that a coenzyme is involved in transamination. Lelor 
and Green (13) have isolated two transaminase enzymes in highly purified 
condition and reported that no evidence was found of dissociable pros 
thetic groups or of significant amounts of B complex vitamins.’ 

The recent demonstration of transamination in lactic acid bacteria (14) 
offers a new approach to this problem. Cohen and Lichstein (15), using 
Streplococcus faecalis R grown in the pyridoxine-deficient medium (16), 
were able to demonstrate a decreased rate of tyrosine decarboxylation 
but not of transamination. They therefore concluded that vitamin B, 
is not involved in transamination. It now appears that their results may 
be questioned on the basis of the presence of small amounts of pyridoxine 
in the medium, which, although not enough to saturate the tyrosine 
enzyme, may have been sufficient for activity of the transamination 
system. 

In this study, vitamin Bs in the form of pyridoxal phosphate (code 
carboxylase) has been shown to function in transamination. Improved 
methods for the production of an active transaminase system have been 
found, and dried cell preparations and cell-free transaminase enzymes 
have been prepared. Further knowledge of the properties of the bactenal 
transaminase enzymes has been obtained. 


Mcthods 


Growth of Culture and Preparation of Enzymes—WSireptococcus faecalis R 
(American Type Culture Collection, No. 8043) was used. Cells of this 
organism which possess very active transaminase enzymes for the systems 


(1) ilutamic acid + oxalacetic acid — aspartic acid + a-ketoglutaric acid 
(2) Glutamic acid + pyruvic acid — alanine + a-ketoglutaric acid 


can be obtained by growing the culture in a medium composed of 1 pet 
cent each of tryptone, yeast extract, and K,HPO, and 0.2 per cent glucose. 
In this medium the final pH is 6.8 to 7.0. The neutral medium yields 
cells with distinctly more active transamination systems than the medium 


?Dr. Green has now been able to recover pyridoxal phosphate from the purified 
transaminase and to assay the coenzyme with dopa decarboxylase apoenzyme (pet- 
sonal communication). 
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decarboxylase (16). The cells were harvested from the neutral medium 
after 12 to 15 hours incubation at 37° by centrifugation with a Sharples 
supercentrifuge and washed once with 0.9 per cent saline. Dried cell 
preparations were obtained by suspending the washed cells in distilled 
water and drying in shallow layers over Drierite in vacuum desiccators. 

The transaminase enzymes were liberated from the cells by the autolysis 

ure which Gale and “ (7) previously used to obtain cell-free 
amino acid decarboxylases (3, 7, 8). The autolysates could be freed of 
cell débris by centrifugation with a Beams ultracentrifuge to yield water- 
clear cell-free enzyme preparations. Resolution of the enzymes was 
accomplished by aging; this will be discussed with the data. 

Transaminase apoenzymes were produced by growing the culture in a 
synthetic medium modified from that used for the production of tyrosine 
apoenzyme (17). ‘The changes in the medium were a decrease in the level 
of glucose to 0.3 per cent and an increase in the buffer content to 1 per 
cent. The culture was neutralized with sterile NX NaOH after growth was 
well under way so that the pH was maintained between 7.5 and 6.8. The 
apoenzyme was obtained by growing the culture in the medium with 
alanine instead of vitamin Bs and the holoenzyme (intact enzyme) was 
obtained from cells grown in the same medium with 3 y of pyridoxal per 
10 ml. 

Transamination Experiments and Analysis for Amino Acids—Incubations 
for transamination were carried out in Y-shaped tubes, the cell suspensions 
(or cell preparations), buffer, and other additions being placed in one 
arm and the substrates, as the neutral salts, in the other. For the experi- 
ments reported in this paper all incubations were under anaerobic conditions 
at 37°. With this culture the reactions could as well be run without ana- 
erobic precautions. Several Y-tubes were connected to a manifold, placed 
in a water bath, evacuated, and filled with nitrogen. After 10 minutes 
equilibration, the contents of the two arms were mixed, and the trans- 
amination reaction was allowed to proceed for the desired time and then 
stopped by the addition of 0.5 ml. of 10 per cent sulfuric acid. 

Aspartic acid was determined by the chloramine-T method of Cohen 
(12). Glutamic acid was determined by the use of a specific glutamic 
acid decarboxylase preparation from Escherichia coli (3). The oxalacetic 
acid was removed by heating in acid solution, after which the samples 
were adjusted to pH 5.0 for analysis. 


EXPERIMENTAL 


Inasmuch as highly active transaminase enzymes have only recently 
been shown to exist in bacteria (14), and because the systems previously 
studied were accompanied by an aspartic acid decarboxylase which ren- 
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dered both the analysis and interpretation of the results difficult, it seemed 
desirable to extend the studies of bacterial transamination to systems no 
so complicated by side reactions. Therefore, the transaminase systems 
of Streptococcus faecalis R were studied in living cells, and then extended 
to dried cell preparations, and to cell-free water-clear preparations jp 
which permeability and related phenomena were eliminated. 

A second series of experiments dealt with the function of pyridoxg) 
phosphate (codecarboxylase) as the coenzyme of transamination. 

Transaminase Systems of Streptococcus faecalis—A study of the formation 
of aspartic acid, by the method of Cohen (12), with a dried cell preparation 
of Streptococcus faecalis, has shown that quantities of the preparation 
beyond 20 mg. do not give appreciably greater amounts of aspartic acid 
after 30 and 60 minutes incubation (Fig. 1). When transamination was 


Al. ASPARTIC FORMED 


0 10 20 30 

MG. CELL PREP. 

Fic. 1. Transamination by dried cell preparation of Streptococcus faecalis R. 

Dried cell preparation as indicated; 2 ml. of 0.1 Mm phosphate buffer, pH 8.3, 0.5 ml. 

of 0.12 m glutamate (1340 microliters), 0.3 ml. of 0.2 Mm oxalacetate; incubated under 
N;, at 37° for the times indicated. 


studied for various lengths of time with 10 and 20 mg. of the preparation, 
measurable amounts of aspartic acid were formed in less than 10 minutes. 
A decreased rate of reaction occurred with longer periods of incubation, 
presumably because the reaction approached equilibrium. The rate of 
the two transamination reactions, (1) glutamate-aspartate and (2) gli- 
tamate-alanine, were studied in both the forward and backward directions 
with the dried cell preparations. The data in Table I show that the prep- 
arations catalyzed both reactions with reasonable rates. As had been 
previously reported for animal tissue (12), the rate of the forward rea 
tions, i.e. glutamate utilization, is greater than the reverse reactions. 
The rates obtained in the 5 minute incubation period may well be neat 
the maximum values obtainable with these cells, for the reactions had not 
proceeded far enough to approach equilibrium and thus decrease the tf 
action rate. 
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The equilibrium of the glutamic-aspartic reaction is shown in Fig. 2; 
the forward reaction was measured by the determination of aspartic acid 


Taste 
Transamination Rates of Dried Cell Preparations of Streptococcus faecalis R 


10 mg. of dried cells, 2 ml. of 0.1 m phosphate buffer, pH 8.3,0.5 ml. of 0.12 m 
amino acid, 0.3 ml. of 0.2 mu keto acid; incubation at 37° under nitrogen. 


Reaction Incubation time) Glutamic acid | Transamination, Or (N)* 
microliters per cent 
Glutamate + oxalacetate 5 127 10.2 760 
15 192 15.3 385 
30 310 24.8 310 
Aspartate + a-ketoglutarate 30 132 10.6 130 
60 190 14.8 95 
| 120 266 20.8 65 
Glutamate + pyruvate 5 98 7.8 590 
15 150 12.0 300 
30 190 15.3 190 
Alanine + a-ketoglutarate 5 11 0.9 65 
15 14 1.0 30 
30 14 1.0 15 
*Q, (N) = microliters of substrate transaminated per hour per mg. of cell 
nitrogen. 
100 | | 
z GLUTAMATE FORMED 
= 
= 
w 
120 


MINUTES 

Fig. 2. Reversibility of glutamate-aspartate transaminase of Streplococcus faecalis 

R. 20 mg. df dried cell preparation; 2 ml. of 0.1 m phosphate buffer, pH 8.3. For 

the lower curve, 0.5 ml. of 0.12 m glutamate, 0.3 ml. of 0.2 m oxalacetate; analyzed by 

the chloramine-T method. For the upper curve, 0.5 ml. of 0.25 m dl-aspartate, 

03 ml. of 0.2 mw a-ketoglutarate; analyzed by the glutamic decarboxylase method. 
Incubation at 37° under nitrogen. 


formation, with glutamic and oxalacetic acids as substrates, and the reverse 
reaction was measured by the appearance of glutamic acid, with aspartic 
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and a-ketoglutaric acids as substrates. In these studies dl-aspartate was 
used in double the desired concentration of the natural isomer and the 
assumption made that the unnatural form does not interfere with the 
reaction. The curves are virtually identical with those reported by 
Albaum and Cohen (18) for oat seedlings. The fact that the two curves 
do not approach one another more closely may indicate that one or mor 
of the substrates is involved in other processes, the products from which 


CELL PREPARATION 


4 


ASPARTIC FORMEO 


are 


Fic. 3. Influence of pH on glutamate-aspartate transaminase activity. 10 mg. 
of dried cell preparation, 0.27 or 1.36 mg. of N of cell-free transaminase , 2 ml. of 0.1 
phosphate buffer, pH 8.3, 0.5 ml. of 0.12 Mm glutamate, 0.3 ml. of 0.2 mM oxalacetate; in- 
cubated 5 or 30 minutes under nitrogen at 37°. 


II 
Transaminase Activily of Cells and Cell-Free Enzyme 
Conditions as in Table LII; incubation 5 minutes. 


Preparation nitro- Transamination| O07 () 
meg. microliters per cent 
20 mg. dried cells 2.68 234 17.8 1,047 
Cell-free enzyme from 20 mg. 
1.0 ml. 1.36 650 49 5,700 
0.5 “ 0.68 555 44 9 , 800 
0.2 “ 0.27 235 19 10,500 


do not appear in the reaction as written. By using shorter incubation 
periods, 5 to 10 minutes, the side reactions appear to be Jargely eliminated. 

The data in Fig. 3 indicate the effect of pH on the glutamic -aspartic 
transaminase enzyme of Streptococcus faecalis R. Both dried cells and 
cell-free transaminase preparations were used, and the rate of reaction 
found to be only slightly dependent on the pH within the range of 5.7 to 
9.5. The relatively sharp optimum in the alkaline range as reported for 
animal tissue (11), plant cells (18), and Escherichia coli (14) is not apparent 
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for the Streplococcus faecalis preparations. The data for the latter re- 
semble those reported by Cohen (12) and by Kritzmann (11) for purified 
transamination preparations. 


III 
Function of Pyridoral Phosphate in Transamination with Dried Preparations 
of Streptococcus faecalis R 
10 mg. of cell preparation, 2 ml. of 0.1 Mm phosphate buffer, pH 8.3, 0.5 ml. of 0.12 
u glutamate, 0.3 ml. of 0.2 M oxalacetate; synthetic pyridoxal phosphate or py- 
ridoxal as indicated; incubation at 37° under nitrogen. 


5 min. incubation 
microliters microliters per cent 
Grown with pyridoxal............. 95 S4 7 110 
“ without pyridoxal. . 25 | 9 1 20 
+107 py phosphatet 128 8 135 
+ 50 107 86 7 115 
Grown with pyridoxal......... 117 123 10 145 
“ without pyridoxal................... 0 0 0 0 
+ 12 y pyridoxal phosphate................ 101 137 10 140 
30 min. incubation 

Grown with pyridoxal...................... | 922 25 64 
* without pyridoxal................... 136 11 27 
+ 4+ pyridoxal phosphate.............. 186 15 38 

+ 20 “ " + 1 mg. adenosine tri- 
Grown without pyridoxal................... o | 0 0 
+ 15 y pyridoxal phosphate.............. | 131 10 26 
+ 1500 y pyridoxal phosphate}........... 287 358 24 32 


* Average of glutamate and aspartate values. 

t Pyridoxal phosphate is expressed in pyridoxal equivalents as estimated by 
tyrosine decarboxylase assay (8). 

$20 mg. of cells. 


The cell-free transaminase, for which data are shown in Table II, was 
prepared by autolysis, as indicated under ‘‘Methods.” For the particular 
preparation used in this case, 100 mg. of the dried cell preparation were 
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incubated in 5 ml. of 0.1 M phosphate buffer, pH 8.3, for 24 hours at 37° jp 
the presence of toluene. After autolysis the suspension was centrifuged, 
to remove the bulk of the débris, and the supernatant cleared in a Beams 
ultracentrifuge. The resulting solution, which was almost clear, contained 

' considerable transaminase activity. Aging the solution for 24 hours in 

‘ the refrigerator caused more protein to precipitate. This was removed 
with the Beams ultracentrifuge to yield the water-clear supernatant, for 
which the data are given in Table II. The activity of this preparation 
on a protein basis (Qr (N) 10,500) compares favorably with the purified 
transaminase which Cohen (12) isolated from animal tissue. ‘The bacterial 
transaminase, however, is far from pure. 

Function of Pyridoxal Phosphate in Transamination—Two methods of 
approach have been used to determine whether pyridoxal phosphate fune- 
tions as the coenzyme of transamination. First, cells grown in a pyridoxal- 
deficient medium containing an excess of alanine were tested for trans- 
‘aminase activity alone and with added pyridoxal phosphate. The trans- 
aminase activity of cells grown in the same medium with added pyridoxal 
was used for comparison. Second, the cell-free transaminase enzyme was 
partially resolved to yield apoenzyme, and the ability of pyridoxal phos- 
phate to restore activity determined. 

Cells harvested from a medium deficient in pyridoxal and dried prep- 
arations from them were almost devoid of transaminase activity for the 
glutamate-aspartate system (Table III). The addition of synthetic 
pyridoxal phosphate to these cell preparations stimulates the transamina- } 
tion rate to a level comparable with that obtained for cells harvested from 
the same medium with excess pyridoxal present during growth. The 
stimulations were consistent and reproducible. In addition, there was 
usually good agreement between the glutamic acid disappearance and the 
aspartic acid formation. The stimulation of the transamination reaction 
with pyridoxal in the absence of adenosine triphosphate is in contrastto } 
the results obtained with the tyrosine decarboxylase preparations (6). | 
This is very probably due to the presence of appreciable quantities of : 
adenosine triphosphate in those cells harvested from the neutral medium 
(see, for example, O’Kane and Umbreit (19)). 

Attempts to resolve the cell-free transaminase by the methods used to 
resolve the amino acid decarboxylases (7, 8) were partially successful. } 
Simple dialysis was not effective in removing the coenzyme, but aging 
coupled with dialysis did accomplish some resolution, apparently through 
the destruction of the coenzyme rather than by dissociation. The data im 
Table IV show that a variety of treatments resulted in varying degrees of 
resolution, and that the activity could be restored with pyridoxal phosphate. 
Pyridoxal was also effective in somes cases, especially in the presence of 
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adenosine triphosphate, as was found to be the case with the tyrosine 
decarboxylase apoenzyme obtained by resolution of the enzyme from 
cells grown with pyridoxal (2, 8). 


IV 
Function of Pyridoral Phosphate in Transamination with Cell-Free Transaminase 
Conditions as for Table IIT. 


Preparation | Additions Aspartate 
5 min. incubation 
microliters microliters per cons 
Autolysate held 21 days | None | 40 45 
and centrifuged in Beams | 10 y pyridoxal phosphate 179 189 320 
ultracentrifuge | 151 145 220 
Autolysate dialyzed and | None 97 73 
held at 5° 11 days 10 y pyridoxal phosphate 121 136 50 
Same, held 13 days | None 94 
10 y pyridoxal phosphate 166 77 
| 25 + 1 meg. 175 85 
adenosine triphosphate 
Autolysate held 9 days, 5° | None 200 
12 y pyridoxal phosphate 240 | 20 
Same, dialyzed 20 hrs. None 48 
| 12 y pyridoxal phosphate | 104 110 
30 min. incubation 
Autolysate held 6 days, | None | 289 | 
then dialyzed and held 4 | 3 y pyridoxal phosphate | 358 | 24 
days at 5° | 
| | 
Autolysate held 6 days None 238 
15 y pyridoxal phosphate 393 63 
+ 1 mg.j| 289 25 
adenosine triphosphate 
SUMMARY 


Conditions for growing cells of Streptococcus faecalis R with highly 
active transaminase enzymes have been devised and the enzymes have 
been obtained in dried cell preparations and in a water-clear, cell-free 
condition. 
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Pyridoxal phosphate, previously shown to function as the coenzyme of 


amino acid decarboxylases, has been shown to function as the coenzyme 
of the glutamate-aspartate transaminase. This has been accomplished 
by two methods: (1) by growing cells in a medium deficient in pyridoxal] 
to yield transaminase apoenzyme and activating the enzyme with synthetic 
pyridoxal phosphate; (2) by resolving the cell-free enzyme from organisms 
grown with pyridoxal and restoring the activity of this apoenzyme with 
pyridoxal phosphate. 


The function of the vitamin Bs group in protein metabolism is therefore 


at least partially explained by its action in amino acid decarboxylation 
and in transamination. 


Wh 


. Bellamy, W. D., and Gunsalus, 
. Albaum, H. G., and Cohen, P. P., J 
. O’Kane, D. J., and Umbreit, W. W., 
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IDENTIFICATION OF SMALL AMOUNTS OF ORGANIC 
COMPOUNDS BY DISTRIBUTION STUDIES 


{II. THE USE OF BUFFERS IN COUNTER-CURRENT DISTRIBUTION* 


Br LYMAN C. CRAIG, CALVIN GOLUMBIC, HAROLD MIGHTON, anv 
ELWOOD TITUS 


(From the Laboratories of The Rockefeller Institute for Medical Research, New York) 
(Received for publication, August 17, 1945) 


In attempts to separate mixtures by ‘‘counter-current distribution”’ 
(1), or any other differential extraction procedure, it is obvious that a 
combination of immiscible solvents should be chosen which gives the great- 
est difference in the effective partition coefficients of the substances pres- 
ent in the mixture. This allows satisfactory separation to be made with 
the minimum number of transfers or plates, and saves much time and 
labor. The literature (2), as well as our own preliminary experience, is 
somewhat discouraging on this point and would seem to indicate in general 
that the ratios of the simple partition coefficients of two closely related 
substances are approximately. the same in different combinations of sol- 
vents, although Synge (3) noted differences with acetylated amino acids. 

However, a suggestion as to the most promising and versatile combina- 
tion of immiscible solvents for use in separating organic acids or bases in 
small scale work is to be found in the first paper of this series (4) where 
the experience is given with partition coefficients of atabrine and closely 
related substances in the combination of an organic phase with a buffered 
aqueous phase. In this study such a partition coefficient was found to be 
a characteristic physical constant definitely useful in identification. 

In the case of bases, the resultant equilibria involved in the measured 
partition coefficient may be represented schematically as follows, asso- 
ciation being excluded :! 


BX BOH 


BtX- + H,O = BOH + Ht + X- 


It has been shown previously (1) that the mathematical basis of counter- 
current distribution depends upon the percentage of the constituent which 


*The work described in this paper was done under a contract, recommended by 
the Committee on Medical Research, between the Office of Scientific Research and 
Development and The Rockefeller Institute for Medical Research. 

‘An excellent treatment of acid-base equilibrium in simple two phase systems 
has been given by Murray (5) who suggested partition with adjustment of pH as a 
particularly good method for the separation of acids. King (6) has also made good 
use of the principle. 
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is transferred at each stage or plate, and since the procedure depends upon 
equilibration and progressive transfer from tube to tube, this percentage 
would be the total found in the phase moved. Thus the effective partition 
coefficient may include ionized and non-ionized forms, monomers, dimers, 
etc., where these forms are all in reversible equilibrium. 

Accordingly, from the equilibria represented for bases, it is obvious 
that the effective partition coefficient is the resultant of at least two separate 
partition coefficients and the hydrolysis equilibria in the aqueous phase of 
the salt as well, with still other complications entering if HX, where X 
is the anion of the buffer, is appreciably soluble in the organic phase. If 
the simplest case is assumed in which the partition coefficient of the salt 
BX is vanishingly small, then the effective partition coefficient is the 
resultant of only two equilibria and this would usually be the most desirable 
system for practical use. In any case, it is apparent that an effective 
partition coefficient in the region of | for almost any base can be experi- 
mentally reached by the use of the proper buffer even though the free 
base has a very large organic phase-aqueous phase partition coefficient. 

The type of equilibria represented would naturally be much less compli- 
cated in very dilute solution, and it is to be expected that the measured 
partition coefficient would not show as much shift with changes in the 
amount of total base in the two layers. However, if the method of counter- 
current distribution is to be used for the separation of mixtures, it is of 
considerable interest to know the upper limit of the amount of base which 
can be added to a fixed volume of the two phases before unpredictable 
events occur. Such information would permit the largest amount of 
base to be fractionated with the minimum volume of the two phases 
chosen. 

This point was studied first with phosphate buffer, since this buffer 
appeared to be found in appreciable amounts in the organic phase only 
with those solvents which contained a considerable amount of water, such 
as the lower alcohols. Though it seemed desirable from a number of 
standpoints to study the most concentrated buffer which would not erystal- 
lize in the counter-current distribution machine at about 26°, a preliminary 
study of the effect of dilution of buffer was made. A typical result is 
recorded in Fig. 1, which shows the effect of dilution of the buffer on the 
partition coefficient of the antimalarial drug, plasmochin (isopropyl ether- 
phosphate buffer, pH 5.00, at 2 moles). A total of approximately 5 mg. 
of base was distributed between 10 cc. of each phase at 26°. The amount 
in each layer was determined spectroscopically by means of the Beckman 
quartz spectrophotometer. 

A buffer approximately 2 mM with respect to total phosphate ion was 
found to be a practical choice and could be prevented from crystallizing 
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and potassium ion. 


over the entire buffer range by the appropriate combination of sodium 
A high salt concentration should tend to give a larger 
partition coefficient of un-ionized base and thus perhaps a more delicate 
and specific over-all balance. Buffers were accordingly prepared so that 
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Molarity of buffer 
Fig. 1. Shift of partition coefficient with dilution of buffer 
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Fic. 2. Shift of pH with change of per cent H;PO, in the buffer 


Per cent 


any desired pH within the range could be obtained by simple combination 
without appreciable change of total phosphate concentration. The change 
of pH with H:PO,- ion as measured with the glass electrode against 0.1 M 
phthalate is shown in Fig. 2. 


4 
upon 
tage 
ners, 
1.0 | 
3 
salt 
rable 
ctive 

free 
mpli- 
sured = 
nter- | 

is of 
vhich 
table 
it of 
hases 
uffer 
only 
such | 
er of | 
stal- 
inary 
ult is 
n the 
ther- 
mg. 
ount 


324 DISTRIBUTION STUDIES. lI 


A major point of interest in the use of such a concentrated buffer system 
is precise information in regard to the amount of a given base which can 
be distributed in a given volume of each phase with predictable result. 
The shift of partition coefficient with total amount of base was therefore 
studied with a number of bases of the plasmochin type. Fig. 3 shows the 
shift of partition coefficient with different weights of base for the drug 
plasmochin when isopropy! ether and buffer (phosphate, pH 5.00) are the 
two phases. The volume of each phase was 10 cc. The two phases were 
shaken at room temperature (26°) and the amount in each phase deter- 
mined spectroscopically. No attempt was made to obtain the highest 
accuracy, such as the use of a constant temperature bath, etc., would 
afford. 

As can be seen from the data, the partition coefficient shifts greatly 
for amounts of base greater than 1 mg. per cc. of each phase. Moreover, 
at the higher concentrations of the base it was found much more difficult 
to check consecutive partition coefficient determinations, perhaps owing 
to small changes in temperature or of other conditions. Closely related 
bases of the same series were found to behave similarly and it was con- 
cluded from this preliminary experience that a range below approximately 
1 mg. of base per cc. of each phase represented a more stable range in 
which to work than when more of the base was present. The highest 
concentration in Fig. 3 probably represents a case in which the buffer 
capacity has been exceeded, since the pH of the lower phase was found to 
be 5.36. 

The cause of the shift of the partition coefficient with concentration 
except in the highest concentration was found not to be due to appreciable 
change in pH of the buffer upon addition of the base. It would seem 
probable that the shift is due to the tendency of the base to be associated 
in one or both of the phases, perhaps through hydrogen bonding. §ueh 
association could greatly shift the partition coefficient, as indeed was 
found here. This point of theoretical interest will be studied much more 
in detail as the opportunity presents itself. 

A large shift in partition coefficient with variable amount of base would 
be expected to give a regularly skewed curve in the counter-current dis- 
tribution apparatus instead of the symmetrical curve of error ordinarily 
expected with a pure substance (1). Fig. 4, Curve 1, shows this effect for 
plasmochin when a total of 80 mg. of the base is distributed, and Curve 2 
when 10 mg. are distributed. The calculated theoretical curves are also 
given. 

In actual practice with an unknown preparation it is easy to determine 
whether or not such deviation from the theoretical is due to impurity by 
simply determining the partition coefficient on either side of the maximum 
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at the most sensitive portion of the curve where any divergence is likely 
to be most noticeable. In Curve |, Fig. 4, this would be in the region of 
about Tubes 7 and 21. If the partition coefficients of the two prove to 
be the same, the deviation may be regarded as due to some other cause 
than inhomogeneity. 
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Fie. 3. Shift of partition coefficient with change of concentration (10 cc. of each 
phase ). 


Another point of considerable interest in the use of buffers is the degree 
to which the partition coefficient is shifted with change of pH, other 
remaining constant. The effect to be expected is shown very 
well with a study made on the free base of atabrine and of plasmochin, 
Fig. 5, in phosphate and citrate buffers. 
From these curves it can be calculated that a shift of 0.02 pH unit will 
cause a shift of the partition coefficient from 1 to approximately 1.1, a 
change which would be plainly registered when the curve was determined 
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for a twenty-four plate distribution. When the distribution constant K js 
1, the maximum would occur at 12 and for a A of 1.1 it would oeeur gt 
11.4. The twenty-four plate distribution is arbitranly mentioned becatge 
the machines in current use in this laboratory contain twenty-five tube 
instead of the twenty of the original model (1). 

From these data and the data given in the first publication of this series 
(4) it is strikingly apparent that the partition coefficient of this type of 
system is a highly specific thing for the base concerned, in that even bases 
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Fic. 4. Distribution curves for plasmochin. ©, 80 mg. run; A, 10 mg. run; @, 
calculated values. 


very closely related show considerable difference in their partition coef- 
cients. When arbitrarily adjusted so that the constant is near 1, it obviow 


ie lv represents for the simplest case a delicate balance between the percentag 


of the un-ionized base found in the organic layer, a very large figure, 
relatively, and the per cent of ionized base to be found in the aqueous 
phase, a correspondingly small figure. ‘The un-ionized base in the aqueots 
phase is in turn in equilibrium with a relatively large reservoir of base# 
the ionized form. The former balance is apparently shifted considerably 
for small differences in structure, while the latter figure could be shifted 
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considerably for small differences in basic strength. It is well known that 
small changes of structure in the viemity of a basic nitrogen produce 
measurable shifts in the dissociation constant. It is also known that for 
dightly soluble substances a small change in structure frequently doubles 
or decreases by half or more that slight solubility. Thus, since in the 

ition coefficient ratios of large numbers over small, or the reverse, 
are involved, it is not surprising that the balance is a comparatively 
sensitive one. 
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Fig. 5. Shift of partition coefficient with change of pH. O, atabrine in benzene- 
phosphate system; ©, plasmochin in isopropyl ether-phosphate system; A, plas- 
mochin in isopropyl! ether-citrate system. 


It was shown previously (1) that the rate of migration of the band of a 
homogeneous substance, that is the position of its maximum, can be 
ealtulated from Equation 1 at any time during operation, after a certain 
number of plates, n, have been applied.* 


*In Equation 4 (1), giving the minimum number of plates required, a parenthesis 
has been misplaced. The equation should be 
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(1) 


The rate of migration is therefore directly proportional to A/(K + 1), the 
percentage which migrates forward during each step. Since the percentage 
which migrates forward is a ratio, with the integer | always added in the 
denominator, it follows that the maximum will be shifted most on the 
plotted curve for changes in A when the latter is nearest 1. Therefore it 
would appear desirable to adjust the system during empirical investigation 
so that the partition coefficient is as near 1 as possible in order that the 
smallest differences will have the largest apparent deviation from the 
theoretical on the plotted curve. From the equation describing the manner 
in which the band spreads out as it migrates, Equation 2 (1), it can also 
be derived that the band spreads most rapidly for the case when K is 
equal to 1. 


Our experience thus far with buffers has plainly shown that for a great 
many mixtures the partition coefficients cf the components are so widely 
removed from each other that it is not at all necessary to use a high number 
of plates or transfers to effect practically quantitative separation. When 
such is the case, the distribution machine is not essential, since the same 
thing may be accomplished with separatory funnels in a much shorter 
time and in a more flexible manner. Fractionation by the use of separatory 
funnels is an old familiar procedure with many variations. Perhaps the 
most efficient system of separating a two component mixture is that d 
multiple fractional distribution in separatory funnels, which was devised 
some time ago by Hunter and Nash (7). 

However, when working with an unknown mixture by their method 
one lacks the precise information which would contribute to the best us 
of such a system, and, further, more than two components are present i 
the mixture more often than not. For empiiical work many helpful 
suggestions can be derived from the view-point of counter-current dt 
tribution. 

If Table I (1) showing the distribution to be expected is examined, whe 
the effective partition coefficient is 1 it can be seen that for this one case 
the curve is always symmetrical, even for the first few transfers, and that 
in an eight plate distribution Tubes 0 and 8 will each contain only 0.4 pet 
cent of the starting material. An eight plate distribution would therefore 
appear to be one which could be achieved in separatory funnels without 
too much trouble and would require a total of thirty-six separate shaking 
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and transfers, not counting those which are required to transfer the material 
to a single phase so that the total amount present in each tube can be 
quantitatively estimated. Such a complete operation has been found to 
require approximately 2 hours in this laboratory. Since an eight plate 
distribution has been found to be one which represents a compromise 
between the time and labor required, on the one hand, and a distribution 
sufficiently large, on the other, so that results can be interpreted by means 
of curves, it has been taken as a standard unit of procedure in this labora-_ 
tory for preliminary empirical investigations. 


& 


3 
| 


Optical density * Dilution « Volume 


L 


No. of separatory funnel 
Fig. 6. Distribution curve for 6-methoxy-S-aminoquinoline. O, experimentally 
found curve; C), calculated curve, K = 1.0; A, calculated curve, K = 0.9. 


A theoretical eight plate distribution of a homogeneous substance, K = 
1, would be that represented in Curve 1, Fig. 6; Curve 2 was obtained - 
experimentally during an investigation with 6-methoxy-8-aminoquinoline 
in the system isopropy] ether-citrate buffer. The theoretical values for a 
distribution when the K is 0.9 are also given in Curve 3. As can be seen, 
the experimentally found values fall rather constantly between the two 
theoretical values. The details of the experimental procedure were as 
follows: 

Nine separatory funnels, numbered Tubes 0 to 8, were arranged in a 
row and 10 cc. of the upper layer, previously saturated with the lower, 
were placed in each of the funnels. 10 ce. of the lower phase containing 
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the entire amount of the substance to be distributed were then added te 
Tube 0. After the tube was shaken and allowed to settle, the lower layer 
of Tube 9 was transferred to Tube 1 and 10 cc. of fresh lower layer wer 
added to Tube 0. Both tubes were then shaken and the lower layer ¢ 
Tube 1 transferred to Tube 2, while that of Tube 0 was transferred to 
Tube 1. Fresh lower layer was then added to Tube 0 and the proeegs 
repeated until Tube 8 contained both layers, while Tube 0 contained only 
upper layer. The distribution was then complete and all that remained 
was to determine the total amount present in each separatory funnel, both 
upper and lower layers, so that it could be plotted as in Fig. 6. 

This latter can be accomplished for bases by adding alkali to throw all 
of the substance into the upper layer, followed by estimation of the amount 
present by spectroscopic methods, by direct titration, or even by evapora. 
ting to dryness and weighing the residue. Numerous variations of this 
general procedure are obviously possible but the procedure given yields 
data at once comparable to those obtained with the distribution machine 
in which many more transfers are applied. 

It will usually be found, after the data are plotted, that the balance 
will not be exact and that the effective partition coefficient will diverge 
somewhat from 1. <A theoretical curve may be constructed, notwith- 
standing, by calculating the A from the position of the maximum and 
referring to a series of tables such as that given when A = | (1). A-semes 
of such tables has been constructed for reference work in fitting curves 
of the values of A when equal to 0.9,0.8,0.7- - - 0.1, and have been found 
very useful in this laboratory. 

Soon after experience with this procedure in separating mixtures and 4 
certain amount of practice in interpreting the curves so derived have been 
obtained, the significance of the partition coefficient of 1 will become 
somewhat more apparent. The method gives opportunity to select 4 
single component at will by arbitrary adjustment of the system so that 
the maximum of this desired component will occur at the central tube, 
No. 4, whereas the undesired constituent will be thrown off in the ead 
tubes in by far the largest majority of cases. Several such distributions 
run consecutively in different svstems in their combined effect result ins 
method of considerable separating power for the purification of a substanee 
or the resolution of a mixture. 

Usually a method of analysis for determining the amount of substanee 
present in each tube is not all inclusive and may not detect certain of the 
constituents. This is particularly true for spectroscopic methods in whieh 
certain constituents of unknown character may be transparent to the 
wave-length of light chosen. In this case consecutive distributions a 
particularly important, even though the curve so determined appeats 
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that of a single substance. However, the probability of having a second 
hand transparent to the method of analysis used, and also having a parti- 
tion of exactly 1, is not very great. Consequently it may be detected in 
an apparently homogeneous curve by obtaining the weight of the sub- 
stance present in Tubes 2 and 6 (or Tubes | and 7) to learn whether their 
extinction coefficients are the same. If they are not identical, a trans- 
parent band of foreign material would be suspected. 

Determination of the partition coefficients of the material present in 
each of the tubes after distribution will also be found essential in the 
interpretation of results. Such coefficients should be determined on equal 
weights per unit volume of the two phases for each of the tubes so that an 
error Will not be made owing to shift of partition coefficient with concen- 
tration or possible deviation from Beer's law when spectroscopic methods 
are employed. 

Early in our study the possibility was considered of reaching the desired 
effective partition coefficient, that is, one giving 50 per cent of the total 
in each phase, by proportional adjustment of the volume of each phase, 
instead of changing the buffer. Such a practice was found to lead to 
curves difficult to interpret when mixtures were concerned. A pure 
substance with a coefficient of 2 will naturally give 50 per cent of the total 
in each phase if twice the volume of the lower phase is taken. This, 
however, does not necessarily follow for mixtures. One of the components 
might have a rather large coefficient and the second component might have 
4 correspondingly small one, but the two exist in proportion so that the 
determined coefficient of the mixture could be 2. In such a case, adjust- 
ment of the volume of the lower phase to twice that of the upper would 
not give 50 per cent of the mixture in each phase as desired, but instead a 
value of the effective partition coefficient changed inappreciably from that 
of the determined value of 2 for exactly equal volumes. Naturally this 
is an exaggerated example without practical significance, but the same 
type of effect is present in diminished degree with ordinary mixtures which 
may be encountered. 


SUMMARY 


The advantages inherent in the use of buffers for the study of organic 
bases by the ‘“‘counter-current distribution” technique have been investi- 
gated. Although certain limitations have been encountered, it is apparent 
that buffered systems offer a high degree of specificity when the proper 
working range is chosen. 

Because of this specificity, a considerable degree of fractionation ean 
uually be accomplished with relatively few transfers, and therefore the 
distribution may be carried out conveniently in ordinary separatory 
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funnels. A simplified procedure is given for nine separatory funnels jp 
which the fractionation or distribution may be followed by the use of 
calculated theoretical curves. 
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AN AMINE FORMED BY BACTERIA DURING SULFONAMIDE 
BACTERIOSTASIS* 


By MARJORIE R. STETTEN anp CHARLES L. FOX, Jr. 


(From the Departments of Biochemistry and Bacteriology, College of Physicians and 
Surgeons, Columbia University, New York) 


(Received for publication, August 17, 1945) 


When Escherichia coli was grown in a synthetic medium containing 
salts, amino acids, and glucose in the presence of bacteriostatic concentra- 
tions of sulfonamides, an increase in total diazotizable amine was noted 
(1). This has now been found to be due to the production of a new hetero- 
cyclic amine, the nature of which may ultimately throw light on the 
mechanism of sulfonamide bacteriostasis. 

The formation of the amine is not limited to one kind of bacterium nor 
to any specific sulfonamide drug. It was noted with a number of different 
organisms (Table I). Each of the drugs tried, sulfanilamide, sulfadiazine, 
sulfapyridine, and sulfathiazole, was found to be effective, but the 
actual amount formed varied with the concentration and nature of the 
drug. From the figures in Table II it is seen that the amount of new amine 
formed was not proportional to the amount of drug used, but the quantity 
formed was always of the same order of magnitude when bacteriostatic 
concentrations of different drugs were used. Since the ratio of amine 
formed to drug yised was greatest with sulfadiazine, this drug was selected 
for preparation of the material for isolation. 

p-Aminobenzoic acid, in concentrations sufficient to block the action 
of the sulfonamides, prevented the formation of the amine. None of the 
amine was formed in the absence of sulfonaniides or when atabrine, plas- 
mochin, or penicillin was used in concentrations sufficient to inhibit the 
growth of the bacteria. 

The cultures used for chemical studies and for isolation were chiefly 
those of Escherichia coli with 0.5 mg. per cent of sulfadiazine as the bacterio- 
static agent. The newly formed amine, in contrast to sulfonamides, was 
not acetylated in neutral aqueous solution by acetic anhydride. It could 
thus be distinguished conveniently and quantitatively from the sulfonamide 
in solutions containing both of the amines. Quantitative measurements 
of diazotizable amine by the Bratton-Marshall method for sulfonamide 


analysis (2) showed that the total amount after incubation was equal to 


os This work was done under the terms of a contract, recommended by the Com- 
mittee on Medical Research, between the Office of Scientific Research and Develop- 
ment and Columbia University: 
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the sum of the amount of drug initially present and the amount of diazotiz- 
able amine remaining after acetylation (Table III). Thus none of the 
sulfonamide disappeared during the incubation in which the new amine 
was formed. 

The amine has been isolated in a pure state from bacterial culture 
medium. When precautions were taken to avoid oxidizing conditions, 


TaBLE 
Effect of Variation of Bacteria 
The production of the new amine was compared when various bacteria were used 
with sulfadiazine as the bacteriostatic agent. 


meg. per cent me. per ot 
4.95 0.56 
Shigella dysenteriae (Shiga).................. 0.67 0.28 
@ Salmonella paratyphi B.............. 0.67 0.11 
Hemophilus 1.25 1.54 
Shigella paradysenteriae.. | 4.95 0.23 
Aerobacter | 4.95 0.52 
* Measured by diazotization after acetylation of the amino group of the drug. 
Li The quantity of diazotizable amine was measured in all cases by the Bratton- 
3 Marshall method of sulfonamide determinaticn (2) and the color read on a Coleman 
4 universal spectrophotometer at A 540 my. For convenience in calculation and 
comparison it was assumed that the molecular weight of the unknown amine was the 


same as that of sulfadiazine and that the compounds gave mole for mole the same 
amount of color on being diazotized and coupled. 


a total of about 2 gm. of a picrate of the amine was obtained from about 
200 liters of culture. By essentially the same isolation procedure, starting 
with a culture in which sulfapyridine replaced sulfadiazine as the bac- 
teriostatic agent, the identical picrate was obtained. The nature of the 
amine does not depend upon the substituent on the amide group of the 
sulfonamide. 

The picrate gives analytical values for the formula CyH¢N,O-CesHsN307 
2H.0. From it a number of other derivatives have been prepared, none of 
which is as stable as the picrate. Analyses of the free amine with and 
without water of crystallization are in good agreement with the empirical 
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Il 
Effect of Variation of Bacteriostatic Agent 
The production of the new amine was compared when various concentrations of 


different sulfonamides served as the bacteriostatic agent. 


— 


Concentration of Increase of diazotiz-| 


Per cent increase 


Drug | drug sable amine* | 
me. per cent me. per cent 
Sulfanilamide | 35.0 | 0.78 | 2.2 
4.77 | 0.27 | 5.7 
Sulfapyridine 4.98 | 0.54 ll 
4.62 | 0.77 17 
2.49 | 0.49 | 20 
0.97 0.40 | 41 
Sulfathiazole 4.9 1.05 | 21 
4.0 | 1.13 | 28 
3.1 1.13 : 36 
2.4 0.99 | 41 
2.0 0.74 37 
1.5 0.81 | 
1.0 | 0.57 | 57 
Sulfadiazine 0.92 | 1,27 138 
0.57 1.27 | 223 
| 0.45 1.14 | 253 


* Measured by diazotization after acetylation of the amino groups of the drug. 
See the foot-note to Table I. 


Ill 
Concentration of Non-Acetylated Amine 


The increase in the concentration of total diazotizable substances after incubation 
has been compared with the concentration of the non-acetylated component. In 
this experiment all samples were diluted in the same way for analysis and the color- 
imeter readings were converted to concentrations on the basis of a calibration curve. 


Total concentra. Increase in di- 


Concentration 


Concentration tion of diazotiz--  azotizable 
Drug | of able amine alter| amine during 
incubation _ incubation 
(a) (b) (6 — a) 
mg. per cent | me. per me. per cent me. per cent* 
| 0.45 1.61 1.16 1.14 
0.52 1.25 0.75 0.69 
Sulfapyridine 4.08 5.49 0.51 0.54 
2.49 2.97 0.48 0.49 


* See the foot-note to Table I. 
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CsHeN.O-H:O and Samples of a chloroplatinate, 
HCl, a sulfate, CsHeNsO-H2SO,, and a monohydro. 
chloride, CskHeN,O- HCl, have also been prepared. The amine probably 
also forms a dihydrochloride which has not been obtained free of the 


= N=- 
O=C HC—NhH, HC HC-—Nbh, 
N= C —NH, N= 


2- hydroxy- 4,5 -diamino - 6-hydroxy-4, 5 diamino- 
PY 
I U 
N 


| 
H-C C-NH-z H2C C-Nh:z H-C C=NH 
or 


or H etc. 
2-hydrox -5,6-diami razine 


~WN 
O=C O=C \ 
‘N C=O 
H2C eC 
IV 


monohydrochloride. Although it is not acetylated in aqueous solution, 
the amine can be acetylated by acetic anhydride in glacial acetic acid. 
The coupling ability of the diazotized solution diminishes on standing, 
on being heated, or when more concentrated nitrite or acid is used. The 
disappearance of the diazonium compound was not accompanied by 
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liberation of nitrogen. The product of prolonged action of nitrite was 
isolated; the empirical formula of C,H;N;0-H,O suggested that cyclization 
to a triazole (IV) had occurred. The related assumption that our com- 

is an orthodiamine was supported by the ease with which the amine 
undergoes oxidative deamination and by the formation of a compound, 
C,H,N.O2 (V), on fusion with urea, a reaction that has been used to differ- 
entiate ortho- from other diamines in the pyrimidine series (3, 4). An 
attempt to prepare a derivative with phenanthraquinone was unsuc- 
cessful. 

An indication that the oxygen is phenolic was obtained by observing 
that the amine could be coupled with diazobenzenesulfonic acid to give 
an orange-yellow color in alkaline solution. 

2 of the 4 nitrogen atoms in the compound appear to form part of a 
ring structure. From its empirical formula and many of its chemical 
properties the compound was at first suspected to be a monohydroxy- 
diaminopyrimidine. Of the various hydroxydiaminopyrimidines (5) only 
I and II, which contain ortho amino groups, come into consideration. 
2-Hydroxy-4 ,5-diaminopyrimidine (1) which resembles our product in 
several respects (6, 7), was found to differ from it in that it decomposes at 
about 265° instead of melting at 170°, does not give the characteristic red 
color on diazotization and coupling, and shows an entirely different ab- 
sorption curve in the ultraviolet (Fig. 1). Johns (7) deseribed the forma- 
tion of isobarbituric acid from 2-hydroxy-4 ,5-diaminopyrimidine when 
it was heated at 140-150° in a bomb tube with 20 per cent H.SO,, whereas 
our bacterial product gave glycine under similar conditions. The urea 
fusion product, 2,8-dihydroxypurine, prepared from 2-hydroxy-4,5- 
diaminopyrimidine gave a positive murexide test but an entirely different 
ultraviolet absorption curve from that of the corresponding derivative of 
our amine. 

6,8-Dihydroxypurine, the product obtained by fusion of 6-hydroxy- 
4,5-diaminopyrimidine (II) with urea, crystallizes in long, narrow, shiny 
leaves and does not give a positive murexide test (8), whereas our product 
precipitates as a powder and gives a positive murexide test, carried out 
according to Fischer. A sample of 6-hydroxy-4 ,5-diaminopyrimidine 
itself, which has recently been synthesized (9), was found to give no color 
on being diazotized and coupled and to have a very different melting point 
from that of our amine.' 

By vigorous hydrolysis with concentrated HC! in a bomb tube at 150° 
the ring of our amine was split and good yields of NHs and glycine re- 
covered. This fact we believe to contraindicate meta- and orthodiazine 
formulation, and to suggest that the ring structure is that of a paradiazine, 


1 We wish to thank Dr. RK. O. Roblin, Jr., for this sample. 
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a pyrazine. We believe the most probable constitution to be the unknown 
2-hydroxy-5 ,6-diaminopyrazine (III). This compound cah readily be 
pictured as giving glycine and NH; in good yields on acid hydrolysis and 
its properties would resemble those of the isolated amine. 


1,8 


240 260 280 300 240 260 280 300 320 


Fic. 1. Ultraviolet absorption spectra: The ordinate scale represents reading 
in log Io/J (1 em.) ; the abscissa, wave-lengthin my. Left-hand section, from isolated 
amine, 1.17 mg. per cent, at pH 7 (Curve 1), at pH 11 (Curve 2), at pH 3 (Curved); 
2-hydroxy-4, 5-diaminopyrimidine, 1.40 mg. per cent in dilute acid (Curve 4). Right 
hand section, from isolated amine, 1.27 mg. per cent of triazole (Curve 1), 2.28 m 
per cent of imidazolone, pH 11 (Curve 2), 1.93 mg. per cent of 2,8-dihydroxypurine, 
pH 11 (Curve 3). 


A number of as yet unsuccessful attempts have been made to synthesia 
this compound or its urea fusion product. The only approach which has 
vielded any encouraging results has been the condensation of cyanogel 
with glycinamide, analogous to the formation of diaminobenzpyragme 
from o-phenylenediamine (10). Treatment of glycinamide in a water 
alcohol solution with cyanogen gave among other products minute amounts 
of a product which behaved like our isolated amine with regard to th 
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diazo test and the difficulty of acetylation. Unfortunately it has not yet 
been found possible to isolate this product in a pure state. 

The biological réle of the product is as yet obscure. In tests carried out 
so far the compound fails to exhibit striking effects on bacterial growth. 
It is not removed from the medium by normally growing Escherichia colt. 

Rings of the paradiazine type are not unknown in nature, and in some 
instances occur in substances of striking biological activity. They are 
found in such condensed ring systems as alloxazine and in the pterins, 
which may be related to ‘folic acid’ (11). Dutcher and Wintersteiner 
(12) have recently shown that aspergillic acid is probably a substituted 
pyrazine. 

The isolation of what is probably 2-hydroxy-5,6-diaminopyrazine from 
culture media in which the normal proliferation of bacteria has been pre- 
vented by addition of sulfonamides suggests a hitherto unsuspected type 
of action of this group of bacteriostatic agents. As the product does not 
arise directly from the sulfonamide used, it must be pictured as having 
been produced by action of the bacteria on other constituents of the 
medium. It may be either a normal intermediate in some metabolic 
reaction which is blocked by the drug or an abnormal product formed by 
the bacteria under the influence of the drug. 


EXPERIMENTAL 


Production of the Amineé—The basal medium used was a modified Long’s 
medium containing in each liter 5.0 gm. of NH, citrate, 3.0 gm. of KH2,PO,, 3 
gm. of NasCO;, 2 gm. of NaCl, 0.2 gm. of MgSO,, 0.05 gm. of ferric am- 
monium citrate, 0.005 gm. of nicotinic acid, 2 gm. of glucose, and 10 ce. 
ofa 5 per cent solution of a hydrolysate of either gelatin or casein. The 
efiects of various concentrations of different sulfonamides are given in 
Table IT. 

Using Escherichia coli, we observed that the yield was increased by 
expanding the surface area exposed to the air, but was greatly decreased 
when air was slowly bubbled through the growing culture. Substitution 
of equivalent amounts of pyruvate, lactate, or succinate for the glucose 


?We wish to thank Dr. W. H. Sebrell of the National Institute of Health for his 
assay of our compound for “‘folic acid’’ activity. He reported: ‘‘The results of the 
‘folie acid’ assay of your compound are as follows: Rat assay, no activity at 250 y 
per rat per day (5 y of ‘folic acid’ would give a positive test). S. lactis R, tested in 
concentrations up to 560 y per tube. Less activity than 2.5 K 10~ y of ‘folie acid.’ 
L, casei, tested in concentration up to 210 y per tube. Less activity than 3 X 10° y 
of ‘folic acid.’ In view of these results, I think we can say that the compound has 


no ‘folic acid’ activity.” 
*The authors wish to thank Mr. Saul Frances for assisting with some of the 


bacteriological work. 
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of the medium resulted in increments of 27, 5, and 7 per cent respectively 
as compared with about 200 per cent when glucose was used. 

Inocula of 1 to 3 million Escherichia coli per ec. of medium were found to 
produce satisfactory amounts of the amine. A 10-fold increase of inoculum 
resulted in no increased amine formation, while reduction of the inoculum 
to one-tenth greatly decreased the vield. 18 hours were found to be the 
optimum time of incubation. 

In addition to Escherichia coli a number of other bacteria which could 
be grown in our media were tested, and the production of diazotizable 
amine in the presence of sulfonamide noted. The medium used in these 
experiments consisted of the usual basal medium containing casein hydrol- 
vsate and glucose, to each liter of which were added 50 mg. of cysteine 
hydrochloride and 0.2 mg. of thiamine hydrochloride. Each solution was 
inoculated with 1 million bacteria per ec. and incubated for 18 hours at 
37°. The bacteria were then removed and the quantity of diazotizable 
amine was measured before and after incubation and after acetylation of 
the incubated solution. The results are given in Table I. 

Strains of sulfonamide-fast Staphylococcus aureus (F; and Fy, Landy) 
(13) were grown in our medium with added thiamine and cysteine with 
no drug present. The amine which accumulated, thought by Landy to 
be p-aminobenzoic acid, although diazotizable, was unlike our amine in 
being readily acetylated. It was noted that the specific soil bacillus used 
by Mirick to oxidize p-aminobenzoic acid (14) destroyed the amine formed 
by F; and F,, but did not destroy our amine.* : 

The large scale cultures from which the amine was isolated were grown 
in 4 liter Pyrex glass bottles. 2 liters of culture medium containing 05 
mg. per cent of sulfadiazine, but no glucose, were placed in each bottle 
and the solution adjusted so that after autoclaving the pH was between 70 
and 7.6. 2 gm. of glucose per liter were added and the medium inoculated 
with 1 ec. of a 24 hour culture of Escherichia coli per liter, the resulting 
initial bacterial concentration being about 1 million bacteria per cc. The 
bottles were laid on their sides to increase the surface area and were in- 
cubated for 18 hours at 37°. 

Properties of Dilute Solutions of the Amine from Bacterial Cultures— 
After removal of the bacteria from the incubated solution by means of 4 
Berkefeld filter or a Sharples centrifuge, the properties of the amine in the 
resulting solution, containing about 1 mg. per cent of the amine, were 
studied. In this crude mixture the amine was relatively stable in boiling 
acidic, alkaline, or neutral solution. The amine was diazotizable and its 


4 We wish to thank Dr. M. Landy for providing the subcultures of his sulfonamide- 
resistant Staphylococcus aureus and Dr. G. 8. Mirick for subcultures of his soil bacil- 


lus which were used in these experiments. 
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diazo derivative, when coupled with N-(l-naphthyl)ethylenediamine 
dihydrochloride, gave a colored compound which had nearly the same 
absorption maximum in the visible region as the corresponding products 
obtained from any of the sulfonamides. In contrast to the sulfonamides, 
the amine was not acetylated by 2 per cent acetic anhydride in neutral 
aqueous solutions. ‘This property proved very useful as a means of quanti- 
tatively measuring the compound in the presence of the drug and of fol- 
lowing its separation from the drug. In practice these determinations were 
made by the Bratton-Marshall method (2) before and after half an hour’s 
treatment with 2 per cent acetic anhydride at room temperature, as de- 
scribed by Rosenthal (15). The diazotizable amino group of each of the 
sulfonamides was readily and completely blocked by acetylation, while 
that of the unknown amine was not blocked (Table III). Excellent 
agreement was obtained between the total amount after incubation and 
the sum of the initial amount of drug used plus the amount remaining 
after acetylation of the incubated solution. Thus the sulfonamide was 
not lost during the incubation period in which the new amine was formed. 
In order to get this agreement it was found necessary to dilute all samples 
in the same way and to calculate the concentrations from the colorimeter 
readings on the basis of a calibration curve. 

Unlike sulfadiazine the amine was not removed from a water solution 
at pH 4 to 6 by continuous ether extraction. The amine could be removed 
from the dilute water solution slowly by continuous extraction with butanol 
or by extraction with ethanol of a water solution saturated with K.CQs. 
Its extraction with acetone from an aqueous solution saturated with CaCl, 
was accompanied by considerable loss of material. Chloroform, benzene, 
and ethyl acetate did not extract the amine. 

The amine in solution was apparently readily destroyed by oxidizing 


agents. Short exposure to H,O, in acidic, alkaline, or neutral solution | 


or to Ag.O, Clo, or KMnQ, resulted in total loss of diazotizability. Even 
aeration resulted in gradual disappearance of diazotizable amine from 
solution. The diazotizable properties were unaffected by Zn and HCl. 

No adsorption was observed on Al,O;, MgO, Johns-Manville Standard 
Super-Cel, CaO, tale, SiO., or MgHPO, when each of these was shaken 
with a neutral solution of the amine. The material disappeared from 
solution when shaken with charcoal but could not be eluted from the 
charcoal by acid, ammonia, or alcohol. It could be adsorbed on fullers’ 
earth from acid solution and eluted with concentrated ammonia in 50 
per cent alcohol. 

It was found that the amine was not readily precipitated from the dilute 
solution by lead acetate, Ca(OH), and Cu(OH), or tannic acid, but was 
readily precipitated by phosphotungstic acid and by mercuric ion from a 
dightly alkaline solution. 


‘tively 
und to 
»culum 
ulum 
be the 
1 could 
tizable 
these 
ydrol- 
-steine 
on was 
urs at 
tizable 
tion of 
sandy) 
1e with 
ndy to 
in 
is used 
formed 
grown 
ing 0.5 
bottle 
een 7. 

ulated 
sulting 
. The 
rere in- 
lures— 
ns of a 
» in the 
were 
boiling 
and its 
namide- 
il bacil- 


on 


342 * AMINE FROM BACTERIOSTASIS 


Isolation Procedure—After removal of the bacteria the pH was adjusted 
to 7 to 7.5 with NaOH and a freshly prepared water solution containing 
1 gm. of mercuric acetate was added to each liter. The flocculent white 
precipitate which immediately began to settle contained almost all of 
the amine as well as considerable NH; and some amino acids. After the 
precipitate had settled overnight, the supernatant was discarded and the 
precipitate washed well several times with water by centrifugation. A 
relatively large volume of 2 N HCl was required to.dissolve most of the 
mercury-amine compound. The solution became progressively deeper 
red-brown in color and a caramel-like odor was noted. <A large amount 
of insoluble material was filtered off and the mercury was removed with 
H.S. After removal of H.S by boiling, the pH was adjusted to 4 to 6 
and the solution was extracted continuously with peroxide-free ether® for 
2 days to remove sulfadiazine and other ether-soluble impurities. All of 
the diazotizable amine in the ether solution after this procedure was 
acetylatable with acetic anhydride in neutral water solution, whereas 
nearly all of that remaining in the water solution atter extraction was 
non-acetylatable under the same conditions. 

The water solution was then evaporated at reduced pressure to a small 
volume in an atmosphere of nitrogen at room temperature. It was ob- 
served that whenever air was passed through the solution for any length 
of time the amine was decomposed. To remove ammonia the solution 
was made alkaline to phenolphthalein with Ba(OH), and evaporated. 
After removal of the barium, the pH of the pale yellow solution was ad- 
justed to 7 to 7.5 and the amine reprecipitated with mercuric acetate. 
This second mercury precipitation in the absence of carbonate effected a 
further separation of the amine from amino acids. The mercury was 
again removed, the acidic solution evaporated almost to dryness in vacuo 
under nitrogen, and the residue extracted several times with aldehyde-free 
ethanol. Most of the solvent was removed, the residue taken up in water, 
and a small amount of ethanolic picric acid solution added. The well 
formed yellow needles which precipitated from the solution after it had 
stood in the refrigerator overnight were filtered off, washed with cold water, 
and recrystallized twice from very dilute hot aleohol or from a larger volume 
of hot water. 78 mg. of the crystalline picrate were isolated from 25 liters 
of culture. From 82 liters of culture 1.0 gm. of picrate of the amine was 
obtained and in a third preparation 0.89 gm. of picrate was isolated from 
67 liters of culture. 

Picrate-——An air-dried sample was dried at 100° in vacuo over POs and 


5’ Due to the ease of oxidative destruction of the amine, all evaporations were 
carried out under nitrogen and all solvents were carefully freed of oxidizing con- 
taminants. 
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lost 9.2 per cent of water. The theory for CyHgNyO-CeHsN ;0;-2H,0 is 
9.2 per cent of water. Decomposition point 240°. 


CH CoH 207, 
Theory. ( 33.8, H 2.53, N 27.6, picric acid 64.5 
Found. Ist preparation. ‘ 33.1, ‘“* 2.82, ** 26.3,* 8 0, picrie acid 64.2 
2nd ‘* 33.5, 2.97, 25.9 


*The microanalyses were performed by Mr. William Saschek. The nitrogen 
analyses were carried out by the standard Pregl micro-Dumas method and were in 
some cases somewhat lower than the theory for the formula which we propose. Some 
heterocyclic nitrogen compounds are known to give low values for nitrogen by this 


method (16). 


Pierice acid was determined gravimetrically by precipitation of nitron 
picrate (17). 

Amine Isolated from Culture in Which Sulfapyridine Was Used As Bac- 
teriostatic Agent—The compound was also isolated from cultures in which 
growth was inhibited by 6 mg. per cent of sulfapyridine instead of 0.5 mg. 
per cent of sulfadiazine, all other conditions being kept the same. The 
same method of isolation was followed, though several additional precipita- 
tions with mercuric acetate were necessitated by the larger relative amounts 
of the drug present. 0.2 gm. of picrate was obtained from 32 liters of 
culture. The picrate isolated was identical with that previously obtained. 
Found C 33.4, H 2.53, N 26.6. 

The ultraviolet absorption curve of the amine from this preparation 
was identical with that of the compound isolated from the cultures con- 
taining sulfadiazine (Fig. 1). 

Chloroplatinate—-165 mg. of anhydrous picrate were suspended in a 
small volume of concentrated HCl and the picrie acid extracted with 
peroxide-free ether. After the solution had been evaporated to about 3 
ec., 300 mg. of H.PtCl.-GH.O dissolved in a few drops of water were added 
to the warm ccncentrated acid solution of the amine. Shiny orange 
plates of the chloroplatinate of the amine precipitated out on cooling. 
The erystals were filtered cold, washed with a very small volume of con- 
centrated HCl, then with a little cold water, and dried to constant weight 
in vacuo over P.O; and KOH at rocm temperature. 133 mg. were obtained. 
It was fourd that the chloroplatinate could not conveniently be recrystal- 
lized because the amine is a sufficiently strong reducing agent to precipitate 
metallic platinum from a hot water solution of the chloroplatinate. M.p. 
210-215° with decomposition. 


(ChH.N,O);-H:PtCl,-HCl. Theory. C 13.7, H 2.15, N 16.0, Pt 28.0, Cl 35.6 
Found. “ 13.8, “ 2.33, “ 15.8, “* 27.9,“ 33.5 
28.2 
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A sample of the chloroplatinate, after the removal of platinum with 
silver by the method of Dudley (18), gave a solution which on titration 
with NaOH was found to contain 3 equivalents of acid per mole of chloro- 
platinate. 


R2-H,PtCle- HCl + 4Ag — Pt + 4AgCl + 2R + 


Isolation of Free Amine—Picric acid was removed from 100 mg. of the 
picrate by ether extraction from a suspension in aqueous H,SQ,. The 
bulk of the sulfate was removed with Ba(OH)2 and the slightly acidic 
filtrate evaporated to a volume of about 2 cc. The remaining sulfate wag 
quantitatively removed with BaCO; and the solution freed of water by 
repeated evaporation from alcohol-benzene. The residue was taken up 
in about 1 cc. of alcohol, a small amount of insoluble material was filtered 
off, and 5 cc. of benzene were added to the filtrate. The large colorless 
needles which formed on cooling were centrifuged off, washed with benzene, 
and recrystallized from alcohol-benzene. The recrystallized sample, 
weighing 8 mg., was dried in vacuo over P.O; without heat; m.p. 168-170° 
with decomposition. 

C,H,.N,O-H:O. Theory, C 33.3, H 5.6, N 38.9; found, C 33.3, H 5.4, N 38.7 


A deep purple precipitate appeared in the mother liquor after several 
days and in a second preparation the entire sample was lost as a purple 
product. 

Isolation of the free amine from a very small volume of water was found 
to be more convenient than from alcohol-benzene. A water solution of 
the amine, equivalent to 56 mg., prepared by removal of picric acid and 
sulfate as previously described, was carefully evaporated to a volume of 
less than 1 cc. The yellowish tan crystals when formed on cooling were 
washed with a small amount of cold water. The sample was recrystallized 
from 1 cc. of water without undue heating and small colorless needles were 
obtained. Yield, 18 mg. 

Water Determination—11.53 mg. dried to constant weight at room temper- 
ature and atmospheric pressure over CaCl, lost 1.39 mg. when dried at 


room temperature over P.O; in vacuo. When dried at 110° over P,0s 


in vacuo, only 0.09 mg. more was lost. 


C.H,N.O-H,0 Theory, 12.5; found, 12.8 
C,H,N,O. Theory, C 38.1, H 4.8, N 44.4; found, C 38.2, H 5.1, N 43.8 


Spot Tests—A few drops of a solution of the free amine gave a positive 
biuret test with concentrated NaOH and dilute CuSO,. In a short time 
the lavender color was masked by the formation of a black precipitate. 
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1 mg. of the amine gave a deep blue color with NaCN in dilute NH,OH 
and lithium arsenotungstate reagent (19). 

Negative results were obtained when murexide and Sakaguchi tests 
were carried out on solutions of the amine. 

When the amine was treated with p-diazobenzenesulfonic acid in alkaline 
solution, a deep yellow-orange color appeared. Phenol similarily treated 
gave a deep yellow color, whereas no color was produced with either aniline 
or o-phenylenediamine. 

Hydrochloride—Difficulties were encountered in the preparation of the 
amine hydrochloride. After removal of picric acid from a suspension of 
the picrate in HCl, a tan crystalline product could be obtained by con- 
centration of the aqueous layer, by saturation with HCl gas, or by addition 
of alcohol. On analysis it appeared to be a mixture of the mono- and di- 
hydrochlorides of the amine. 


C,H.N,O-HCl. Theory. Cl 22.2, N 34.4 
C,H,sN,O-2HCl. Theory, Cl 35.6, N 28.1; found, Cl 26.9, N 31.2 


The monohydrochloride was finally purified by precipitation from a 
large volume of absolute alcohol by the addition of several volumes of 
benzene. The white needles which slowly appeared in the solvent mixture 


decomposed at 210-215°. 


C,H,.N,O-HCIl. Theory. C 29.5, H 4.3, N 3444, Cl 22.2 
Found. ‘‘ 29.9, ‘* 4.2, “* 32.3, ‘* 22.2 


Sulfate—The sulfate, like the hydrochloride, proved difficult to obtain 
in pure form. After removal of picric acid from a suspension of the 
picrate in dilute H2SQ,, the solution was evaporated to a small volume and 
the sulfate precipitated as an oil by the addition of alcohol-ether. After 
long cooling the oil solidified to a tan powder which appeared to deteriorate 
on attempted recrystallization. 


C.H,.N,O-H.SO,. Theory, C 21.4, H 3.57; found, C 21.2, H 3.66 


Investigation of Properties of Amino Groups—The intensity of color 
obtained when the amine was diazotized and coupled with N-(1-naphthy))- 
ethylenediamine was greatly influenced by the conditions. The greatest 
amount of azo dye was obtained when the amine was dissolved in acetic 
acid and treated with dilute NaNO;. When the conditions of the Bratton- 
Marshall method (2) of sulfonamide analysis, dilute HCl and dilute NaNOz, 
were used, only slightly less color was obtained. Increasing the concentra- 
tion of either the HCl or the NaNO, resulted in appreciably less dye forma- 
tion. A large portion of the diazonium salt disappeared on standing at 
room temperature for half an hour and the disappearance was almost com- 
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plete if the solution was heated for half an hour on the steam bath. No 
nitrogen was evolved when the amine was treated with 30 per cent NaNO, 
and either glacial acetic acid or 3 N HCl and shaken for half an hour at room 
temperature in a Van Slyke apparatus (20). Under similar conditions 97 
per cent of the diazonium salt had been shown colorimetrically to have 
disappeared. 

Condensation with Nitrous Acid; Triazole (1V})—To a solution of 40 mg, 
of the amine in 10 ec. of 2 N HSO,, 0.5 gm. of Ba(NO,). dissolved in a 
small amount of water was added. After having stood overnight at room 
temperature the solution was found to contain only a trace of diazotizable 
amine. The solution was warmed on a steam bath for 5 minutes, hot 
Ba(OH), solution added until a slight excess of sulfate remained, the 
solution made slightly alkaline with NaOH, and the BaSO, filtered off, 
After acidification with H.SO, the filtrate was evaporated to a small volume 
and the pale yellow precipitate which formed on cooling was filtered and 
washed with a small amount of cold water. The precipitate was purified 
by solution in NH,OH and acidification with H.SO,;. The pale yellow 
rosettes® of needles which formed slowly on standing in the refrigerator 
were washed with cold water and dried in vacuo over P,Q; at 100°. Yield, 
27 mg.; the substance began to darken at about 150° and did not melt 
below 260°. 


C,H;N,0-H,0. Theory, C 31.1, H3.2, N 45.1; found, C 31.3, H 3.2, N 43.9 


When a dilute solution of the triazole in HCl was treated with the usual 
coupling compound, no color appeared at first but a faint pink color de- 
veloped gradually on standing. This color had the same absorption 
maximum in the visible region as did that obtained from the diazotization 
and coupling of the amine itself, suggesting reversal of the ring closure. 

An unsuccessful attempt was made to prepare a phenanthraquinone 
derivative of the amine. : 

Fusion with Urea; Imidazolone (V)—A sample of the amine was fused 
with urea by a method used for converting o-diaminopyrimidines into 
purines (3, 4). A solution of 40 mg. of the amine in dilute HCl was neu- 
tralized with NH,OH, the solvent evaporated, and 40 mg. of urea added. 
The dry mixture was heated at 170—180° for 1 hour, during which time con- 
siderable ammonia was evolved. The residue was dissolved in 1 ce. of 
dilute NaOH, a small amount of slimy material filtered off, and the solution 
acidified with a drop of concentrated HCl. The white powder which 
precipitated was washed with water and purified twice by solution in 


¢ It was subsequently found that the triazole could be obtained as white crystals 
after treatment of a hot water solution with charcoal, but insufficient material re- 
mained for analysis, 
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NH,OH and precipitation by acidification with HCl 21 mg. were ob- 
tained. The product required drying in vacuo at 135° for many hours. 


C;HiN.O.. Theory, C 39.5, H 2.63, N 36.9; found, C 39.3, H 2.86, N 36.6 


Acetylation—Even though the amino groups of our compound were not 
acetylated under the mild conditions sufficient for the acetylation of sulfon- 
amides, it was found that they could be completely acetylated when more 
vigorous conditions were used. Several mg. of the amine in a drop of 
water were heated on a steam bath for 1 hour with 1 ec. of acetic anhydride. 
A portion of the resulting solution, when treated with nitrite and the 
usual coupling compound, gave no color, while another portion after being 
boiled for 5 minutes with dilute HCl and similarily diazotized and coupled 
gave a deep red color. 

Oxidative Degradations— A sample of the amine in a dilute Ba(OQH), 
solution containing 2 per cent hydrogen peroxide was boiled gently for 
lhour. Three-fourths of the N initially present could be accounted for 
as NH; evolved during the oxidation. The remaining solution was acidified 
and the CO. collected in Ba(OH)s. The BaCOs; which formed accounted 
for about half of the C of the amine. In 20 per cent NaOH solution, 
peroxide converted all of the N of the amine into ammonia. No urea 
could be isolated from the solutions after oxidation with chlorine, alkaline 
KMnO,, and chloroplatinic acid. 

Degradation to Glycine and Ammonia— 40 mg. of the amine in the form 
of the crude hydrochloride were heated in a sealed tube with 2 ce. of con- 
centrated HCl for 20 hours at 150°. The resulting yellow solution was 
evaporated to a very small volume; 28 mg. of NH,Cl (55 per cent of theo- 
retical) were obtained. 

The mother liquor was made barely alkaline with Ca(OH), in an attempt 
to identify oxalic acid among the products, but no precipitate was formed. 
The solution was then made strongly alkaline with NaOH and N¢ gas was 
passed through the warmed solution for about an hour to remove the 
remaining ammonia. ‘The solution was stirred for 6 hours with 100 mg. 
of p-toluenesulfonyl chloride in ether. The alkaline solution was extracted 
with ether to remove excess reagent, acidified with HCl, and the p-toluene- 
sulfonyl derivative extracted with ether and crystallized from water. 44 
mg. of p-toluenesulfonylglycine were obtained (63 per cent of the theoretical). 
The product was recrystallized twice from water and dried in vacuo at 61° for 
analysis; m.p. 147—149°. A mixture of the compound with a sample of 
p-toluenesulfonylglycine showed no depression of melting point. 


CsH,,O,.NS. Theory, N 6.11, 8 13.97; found, N 6.09, S 13.80 


2-Hydroxy-4 ,5-diaminopyrimidine (I)—A sample of 2-hydroxy-4,5- 
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diaminopyrimidine was prepared from cytosine’ by nitration followed by 
reduction of the nitrocytosine (7). The yellowish needles, dried in vacyp 
over P.O; at room temperature, melted at about 265° with decomposition, 
On diazotization and coupling with N-(l-naphthyl)ethylenediamine no 
red color was formed. It was noted that similar treatment after a sample 
had been boiled with dilute HCl resulted in the appearance of a gradually 
intensifying pale pink-lavender color. 


C\H,N,.O. Theory, C 38.1, H 4.8; found, C 37.8, H 5.1 


Some of I was fused with urea at 180—190° and 2 ,8-dihydroxypurine isolated 
(7). This purine gave a positive murexide test. The ultraviolet absorp. 
tion curves of both the pyrimidine and the purine are given in Fig. 1. 

Attempted Syntheses of 2-Hydroxy-5 ,6-diaminopyrazine (III)—A number 
of attempts to prepare III by condensation of glycinamide with oxamide 
were made. Successively chloroform, alcohol, anhydrous H.SQ,, and 
acetic anhydride, both cold and hot, were tried unsuccessfully as media 
for the condensation. 

The most promising methods to date were those starting with glycin- 
amide and cyanogen. An exact equivalent of aqueous NaOH was added 
to a solution of glycinamide hydrochloride in ethanol and 2 times the 
theoretical amount of cyanogen, generated from KCN and CuSQ, (21), 
was passed into the solution. After a few minutes the solution became 
yellow-tan and then red-brown in color and a brown precipitate formed 
on standing. A few drops of the solution after diazotization and coupling 
gave a deep red color of the same intensity both before and after the 
solution had been treated with dilute acetic anhydride. From the intensity 
of color we have estimated that at best about 100 mg. of the amine were 
formed when 5 gm. of glycinamide were used. When cyanogen was 
passed into a water-alcohol solution containing no glycinamide, the same 
red-brown color and precipitate were noted but the solution contained no 
diazotizable amine. About the same small amount of diazotizable amine 
was formed when either water or ethanol was used as the solvent. When 
methanol was used instead, less was produced and still less was formed when 
cyanogen was dissolved in CH;OH prior to addition of the glycinamide. 
No diazotizable amine was produced with chloroform, dilute HCl, dilute 
NaOH, or NH,OH as the solvent. 


SUMMARY 


When the normal growth of certain bacteria is inhibited by bacteriostatic 
concentrations of sulfonamide drugs, a diazotizable amine is found to 
accumulate in the medium. 


? We wish to thank Professor T. B. Johnson for the sample of cytosine used is 
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From cultures of Escherichia coli, whose growth was inhibited by either 
sulfadiazine or sulfapyridine, the amine has been isolated as a picrate and 
samples of the free amine and a number of derivatives prepared. It is a 
heterocyclic orthodiamine having the empirical formula C,HsN,O. The 

ibility of its being a pyrimidine has been eliminated. Its properties 
indicate that it is probably 2-hydroxy-5 ,6-diaminopyrazine. 
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THE EXCRETION OF ASCORBIC ACID AND DEHYDROAS- 
CORBIC ACID IN SWEAT AND URINE UNDER DIFFERENT 
ENVIRONMENTAL CONDITIONS* 


By J. B. SHIELDS, B. CONNOR JOHNSON, T. 8. HAMILTON, 
ano H. H. MITCHELL 


(From the Division of Animal Nutrition, University of Illinois, Urbana) 
(Received for publication, August 13, 1945) 


A number of investigators (see (1)) have studied the occurrence of 
ascorbic acid in human sweat and several have reported its occurrence 
in considerable amounts. However, recent investigations have reported 
no ascorbic acid in sweat, but have reported the occurrence of dehydro- 
ascorbic acid. The data on the excretion of ascorbic and dehydroascorbic 
acid in sweat, with the exception of those contained in a later paper by 
Kireh, Cornbleet, and Bergeim (2), have been summarized by Sargent, 
Robinson, and Johnson (1). 

Mickelsen and Keys (3) and Kirch et al. (2) have shown that rubber 
contains water-extractable materials which titrate as ascorbic acid in 
the 2,6-dichlorophenol indophenol titration method and thus have ex- 
plained to some extent the high values reported in previous investigations 
in which sweat was collected by means of a rubber bag or rubber gloves. 

In this paper we wish to present data on the occurrence of dehydro- 
ascorbic acid and of small amounts of free ascorbic acid in sweat, using 
the Roe and Kuether (4) 2,4-dinitrophenylhydrazine procedure. Urine 
' samples as well as sweat were Also analyzed by the 2,6-dichlorophenol 
indophenol titration method. 


EXPERIMENTAL 


Four adult male subjects, aged 21 to 28 years, were maintained for 8 
hours per day under controlled environmental conditions. During each 
8 hour period the total skin excretion was collected, preserved with 3 per 
cent metaphosphoric acid or 0.5 per cent oxalic acid, and stored under 
refrigeration. No rubber equipment was used for the collection of the 
sweat. 

When concentration data were desired, undiluted sweat was collected. 


*The data presented in this paper were taken from a project covered under a 
contract, recommended by the Committee on Medical Research, between the Office of 
Scientific Research and Development and the University of Illinois. 
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Ascorlic Acid and Dehydroascorbic Acid in Sweat 


Ascorbic acid analyses were carried out on samples of sweat and 
washings by the 2 ,6-dichlorophenol indophenol titration method of 
(5). In all, 82 samples of human sweat collected during six 5 day periods 
were analyzed for ascorbic acid. The sweat collections were made eithe 
by running the lip of a beaker over the skin, or by washing the body afte 
exposure to high temperatures for various periods of time. Out of thege 
82 analyses only nine showed positive titrations amounting to an excretigg 
of 0.014 to 0.8 y of ascorbic acid per hour. Stability tests of ascorbic 
acid spread in dilute solution on the skin of the subjects, and removed 
at variable times later, gave recoveries of 75 to 90 per cent. 

In view of the reports from other laboratories of the occurrence of as 
corbic acid in sweat in rather high concentration, some explanation of ou 
negative results was sought. It was found that, while sweat collected ig 
glass was devoid of substances reducing 2,6-dichlorophenol indophenol, 
sweat collected by means of a rubber sleeve gave titrations with the dye 
equal in different collections to 0.59, 0.31, 0.44, and 0.76 mg. of ascorbic 
acid per 100 cc. of sweat. It was found that sweat collected under a 
cellophane covering, or under a cotton shirt impregnated with mets 
phosphoric acid gave,no titration to 2,6-dichlorophenol indophenol. On 
the other hand, a 0.4 per cent aqueous solution of NaCl allowed to remain 
in contact with the rubber sleeve for 1 hour gave a titration with the dye 
corresponding to 0.43 and again to 0.18 mg. of ascorbic acid per 100 ce. 
Apparently, then, sweat collected in contact with vulcanized rubber leache 
out something from the rubber, possibly a sulfhydryl compound, that 
reacts with 2,6-dichlorophenol indophenol. This has also been show 
by Mickelsen and Keys (3) and by Kirch, Cornbleet, and Bergeim (2). 

In all subsequent work on sweat the 2,6-dinitrophenylhydrazine pro 
cedure of Roe and Kuether (4) was used. It was found that dehydro 
ascorbic acid does occur in sweat. Table I gives a summary of the average 
daily skin excretion of dehydroascorbie acid per hour for the four subjects 
on a constant low ascorbic acid diet under various environmental conditions. 
As would be expected, the loss of dehydroascorbic acid in the sweat 
creased under the more profuse sweating condition (‘‘hot moist,” Periods 
18 and 19). 

In Table II data on the concentration of dehydroascorbic acid in Ww 
diluted sweat are presented. These data were obtained in Period 4 
during which profuse sweating was induced by a hot moist condition d 
32° and a relative humidity of 65 per cent. During this entire week esd 
subject received daily 500 mg. of ascorbic acid in two doses, 250 mg. alter 
breakfast and 250 mg. after lunch. The average concentration was 664 
y per 100 cc. of sweat. 


4 
3 
4 
i N 
# 
the 
t 
acid 
can 


SHIELDS, JOHNSON, HAMILTON, AND MITCHELL 


353 


Later in the course of the project it was decided to reexamine the occur- 
rence of ascorbic acid in sweat by applying the more sensitive Roe and 
Kuether procedure for dehydroascorbic acid to the determination of free 
ascorbic acid. Undiluted sweat samples were obtained from four subjects 
after several weeks with no added ascorbic acid and after 1 week of 500 


Taste 
Average Hourly Skin Excretion of Dehydroascorbic Acid 


| Dehydroascorbic acid* 

‘=o cient of 

No. bulb in body | i evia- | varia- 
tempera weight | Average | *iont tiont 

17 | 28.3 42 67 488 19 18 29 43.5 | 150 
18 | 36.9 67 443 97 74 106 92 66 72 
19 | 37.2 66 760 153 120 136 =| «101 74 
0 | 43.3 25 652 20 90 26 4 56 46 82 


* Each value represents the average of five assays made on samples collected on 


the 5 consecutive days of the period. 


t The standard deviation and coefficient of variation are for the individual sam- 


ples, not for the averages for each subject given in the table. 


Tasie II 
Concentration of Dehydroascorbic Acid in Sweat* 
Dehydroascorbic acid per 100 cc. sweat during Period 24 
Subject 
Monday Tuesday Wednesday Thursday Friday Average 

A 62 40 31 66 38 48 
B 56 83 60 79 86 73 
C 66 78 68 56 43 62 
D O4 72 83 


* The environmental conditions were 32° and 65 per cent relative humidity. 


t Standard deviation, 17.9 y; coefficient of variation, 27 per cent. 


mg. per day dosage. The Roe and Kuether method was applied to the 
sweat samples, first without the oxidation procedure for conversion of 
free ascorbic acid to dehydroascorbic acid, and then after the usual oxida- 
tion; the increase, if any, is due to ascorbic acid oxidized to dehydroascorbic 
scid. The results of these assays are presented in Table III; in which it 
can be seen that small amounts of free ascorbic acid were found in five 
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out of eight samples tested. A dosage of 500 mg. of ascorbic acid daily 


was associated with a marked reduction in the concentration of ascorbie 
acid in sweat and with a significant increase in the concentration of de. 
hydroascorbic acid (P= 0.026). 


III 
Effect of Dosage on Concentration of Ascorbic Acid and Dehydroascorbic Acid in Sweat 
Period No. Subject Dosage* Ascorbic acid Dehy eget Total 
| mg. per day | per 100 cc. | per 100 cc. | per 
40 C 0 29 25 54 
D 0 | 66 56 122 
E 0 15 31 46 
| F 0 22 24 46 
Average 0 33 34 67 
41 | C 500 0 159 | 159 
D 500 0 121 121 
| E 500 0 102 | 102 
| F 500 | 21 46 | 67 


* Vitamin C given per day in addition to that in the diet, which was constant 
during both periods. 


Urinary Ascorbic Acid Excretion 


24 hour collections of urine were made by the four subjects during certain 
experimental periods, and the urine samples were assayed for ascorbic 
acid by the 2,6-dichlorophenol indophenol titration method. The average 
excretion data of ascorbic acid in mg. per hour of each of the four subjects 
under varying levels of ascorbic acid intake and under different environ 
mental temperatures and humidities are summarized in Table [V. These 
data show clearly the well known effect of dosage on urinary excretion d 
ascorbic acid. However, the positive effect of environment on urinary 
excretion of ascorbic acid was of particular interest in the present study. 
From the 14th through the 20th week the subjects were on a constant diet 
low in vitamin C. While on this diet, the imposition of hot moist conditions 
raised the ascorbic acid excretion approximately 2-fold, the values returning 
to their former level when the humidity was lowered even though the 
temperature remained high. This effect was unrelated either to wate 
intake or to urinary volume. However, in two other periods (hot moist) 
in which there was a variable water intake from day to day (7.23 lites 
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Monday, Wednesday, and Friday and 2.83 liters Tuesday and ‘Thursday | ‘ 
during the 8 hour daily exposure period), a significant positive correlation j 
between urine volume and ascorbic acid excretion of 0.47 was found. 


Taste lV 


Urinary Excretion of Ascorbic Acid under Various Conditions of Intake 
and Environment 


| Average ascorbic acid excretion in urine 

| | pom Subject Subject | Subject Subject | 

‘temper. humid. A | D Average 

| ature | ity 

| oO | 8 0.2 | 8.1 | 10.4 | 15.7 | 11.1 

IB | 19.5 68 | 3.4 | 46 | 41 | 4.7 | 

7 404/545 | ANG | 36.3 26.7 | 4.0 | 37.2 

4,15 $43.9 21.5 Oo 0.72 0.59) 0.70) 0.75) 0.69 

16,17 28.1 42 | 0.55! 0.33 0.48! 0.47 
18,19 37.2) 67 0; 0; & | 1.00; 1.16] | 1.20 
20 (43.6 25.5 0 0 5 0.72) 0.59) 0.59) 0.61 

* In addition to that in the diet. : 

DISCUSSION 
Under hot moist conditions (Periods 18 and 19, Table 1) the average nm 
hourly loss of dehydroascorbic acid through the skin was 114 y. This t p 
amounts to only 2.74 mg. per 24 hours under conditions producing profuse 4 
sweating throughout the day. This value represents the total excretion oa 


of ascorbic acid and dehydroascorbic acid, since the Roe and Kuether 
assay procedure was used. ‘Thus, it appears that under these conditions 
the skin loss would not noticeably affect the vitamin C requirement. While 


there is an average increase in the skin excretion of total vitamin C following 4 
dosage (Table 111), this increase though highly indicative is not statistically im 
significant ( = 0.09). Another factor to be considered together with ig 


the skin loss of vitamin C under hot moist conditions is the increase in 
urinary loss, as is seen in Table IV, Periods 18 and 19. In these two periods ‘ 
the urinary loss averaged for all subjects 1.22 mg. per hour, or 29 mg. per i 
day, as compared with a urinary loss of only 15 mg. per day during the i ‘ 
| Wo preceding “comfortable” periods (Nos. 16 and 17, Table IV). That ae 
| 3B, on changing from comfortable to hot moist conditions there was an i 
increased ascorbic acid loss of 14 mg. per day in the urine as compared in 
with an increased loss of about 3 mg. through the skin. The most probable 
explanation of the low ascorbic acid concentrations found in sweat is a 
high threshold value for the excretion of aseorbie acid by the sweat glands. 
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SUMMARY 


1. Ascorbic acid and dehydroascorbic acid were determined in the sweat 
of four male subjects. The average concentration of ascorbic acid found in 
sweat was 19 y per 100 cc. (coefficient of variation, 109 per cent) and of 
dehydroascorbic acid 70.5 y per 100 cc. (coefficient of variation, 67 per 
cent) by the Roe and Kuether assay procedure. 

2. The average total 24 hour excretion of dehydroascorbic acid varied 
from 0.8 mg. under ‘“‘comfortable”’ conditions to 2.7 mg. under conditions 
inducing profuse sweating throughout the day. 

3. The data indicate an increased skin excretion of dehydroascorbie 
acid following ascorbic acid dosage, and a decreased excretion of ascorbic 
acid. 

4. The urinary excretion of ascorbic acid on a constant ascorbic acid 
intake was markedly increased under “hot moist’”’ environmental conditions 
as compared to either ‘‘comfortable”’ or to “hot dry”’ conditions. 

5. A positive correlation was found between urinary ascorbic acid ex- 
cretion and urine volume when the water intake alternated from day to day 
between two widely different levels. However, on an approximately 
constant water intake no correlation was found between urine volume and 
urinary ascorbic acid excretion. 
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THE OCCURRENCE OF INOSITOL AND OF p-AMINOBENZOIC 
ACID IN SWEAT* 


Br B. CONNOR JOHNSON, H. H. MITCHELL, anv T. 8S. HAMILTON 
(From the Division of Animal Nutrition, University of Illinois, Urbana) 


(Received for publication, August 20, 1945) 


The occurrence of many of the water-soluble vitamins in sweat has been 
reported in recent years. Sargent, Robinson, and Johnson (1) have re- 
viewed the literature on the occurrence of ascorbic acid, dehydroascorbic 
acid, thiamine, riboflavin, pantothenic acid, and nicotinic acid in sweat. 
We have demonstrated the presence of pyridoxine and its metabolites 
(2), choline (3), N'-methylnicotinamide (4), “folie acid’”’ (5), and biotin’ 
in sweat. In this paper we wish to report the occurrence of inositol and 
of p-aminobenzoic acid in sweat and the effect of a “hot moist” environment 
on the excretion of inositol. 


EXPERIMENTAL 


Four adult male subjects, aged 21 to 28 years, were maintained for 8 
hours per day, 5 days per week, under constant environmental conditions. 
The subjects were kept on a constant diet for 4 weeks. The effect of 
a change in environmental conditions from ‘‘comfortable”’ to hot moist 
on the dermal and renal excretion of inositol was studied during the last 
2 weeks. During these two collection periods (Nos. 27 and 28) complete 
8 hour skin excretion and 24 hour urinary collections were made. The 
samples were analyzed for inositol by a modification of the Saccharomyces 
cerevisiae G. M. method of Williams, Stout, Mitchell, and McMahan (6). 
In this modification, the yeast medium of Atkin, Schultz, Williams, and 
Frey (7) was used, the inositol being omitted and 1 mg. of pyridoxine 
being added per liter of double strength medium. The average hourly 
excretion of inositol in the urine and through the skin for the two experi- 
mental periods is given in Table I. From these data it is apparent that 
there was a greater skin loss of inositol during the hot moist period when 
sweating was profuse. The probability that this increase was brought 
about by a random combination of uncontrolled experimental factors is 
0.0002. With a greater loss of inositol in the sweat under the hot moist 
condition, there appeared to be a compensatory decrease in the excretion 


* The work described in this paper was done under a contract, recommended by the 
Committee on Medical Research, between the Office of Scientific Research and De- 
velopment and the University of Illinois. 

Unpublished data. 
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TABLe | 


Effect of Environmental Condition on Inositol Lost in Sweat and in Urine of Subjects 
on Constant Diet* 


Environmental conditions Net lees | | 
; Period No. Subject | in body | Skin losst | Urine losst | Total loss 
4 Dry bulb Relative weight | 
temperature humidity | 
; ~~. per cent | gm. per hr. | ¥ per hr. | ¥ per hr. | Y per hr. 
27 38.2 69.4 435 
: D 863 | 151 | 366 517 
| 969 138 933 1071 
i | F 41086 340 426 
| | 444 | 482 
i | 80 | 220 | 1254 | 1274 
B * Periods 27 and 28 are the 3rd and 4th weeks on this diet. 
j + 8 hour daily collection period. 
q t 24 hour daily collection period. 
IL 
Concentration of Inositol in Sweat 
i Period No. | Dosage* | Subject Inositol in sweat 
i me. per day | > per 100 ce. 
228 50) C 19 
34 
E 15 
50 F 
Average.......... 50 26 
i be 
i 248 0 C 22 of 
0 D 22 
i 0 E 12 CO 
‘i 0 F 27 ac 
co 
Average.......... 0 21 
* Given in addition to that in the diet for 3 days preceding the test. 
of inositol in the urine. Probably because of the wide variations observed, | 
the decrease in urinary inositol during the hot moist conditions was not ) 
statistically significant (P = 0.13). | Y 


; 
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In order to study the concentration of inositol in sweat, undiluted sweat 
samples were collected during 4 hour periods on Saturday mornings, during 
which a hot, humid environment was maintained. The effect of dosage of 
50 mg. of inositol per day added to the normal diet on the concentration of 


inositol in sweat is shown in Table II. It was found that the increased ta 
intake of inositol does not significantly raise the concentration of inositol ‘a 
in the sweat (P = 0.2). ‘ 
Ill 
Concentration of p-Aminobenzoic Acid in Sweat t 
Period No. Dosage* | Subject | acid in sweat 
238 200 C | 0.13 | 0.80 H 
200 D | 1.70 | 14.73 i 
200 | E | 0.08 | 0.80 | 
200 | F | 
Average..... 200 | 0.54 
388 0 | C 0.20 0.24 a 
0 | D 0.52 | 0.65 nh 
0 | E | 0.23 | 0.49 ‘ 
0 | F | 0.23 0.33 ; 
Average... 0 0.295 
398 100 Cc 0.29 1.13 
100 | D 0.31 2.33 4 
100 | E 0.21 1.37 Ba 
100 | F | 0.15 0.67 ia 
— 
Average... 100 | | 0.24 


— 


® In addition to that in the diet. 


Another water-soluble factor which we have found in sweat is p-amino- 
benzoic acid. Undiluted sweat was collected following various dosages 4 
of p-aminobenzoic acid which were given for at least 3 days prior to the : 
collection period. The sweat samples were analyzed for p-aminobenzoic 
acid by the Acetobacter suborydans procedure of Landy et al. (8,9). The a 
concentrations of p-aminobenzoic acid found in sweat are given in Table IIT. 34 


SUMMARY 


1. Both inositol and p-aminobenzoic acid occur in human sweat. 

2. The concentration of inositol in sweat averaged 21 y per 100 ce. 

3. The concentration of p-aminobenzoic acid in sweat averaged 0.24 a 
7 per 100 ce. a 
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4. The average excretion of inositol in sweat during the 8 hour daily 
exposure period was 0.118 mg. per hour under “hot moist’ conditions, 
Under these same conditions the average urinary loss during 24 hour 
collection periods was 0.494 mg. per hour. The corresponding average 
losses under ‘“‘comfortable” conditions were 0.027 mg. in sweat and 0.626 
mg. in the urine. 
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FURTHER STUDIES OF THE PURIFICATION AND PROPERTIES 
OF THE AMYLASE OF ASPERGILLUS ORYZAE* 


Br M. L. CALDWELL, RUTH M. CHESTER, A. H. DOEBBELING, anp 
GERTRUDE WERNER VOLZ 


(From the Department of Chemistry, Columbia University, New York) 
(Received for publication, August 6, 1945) | 


The mold, Aspergillus oryzae, is an important commercial source of amy- 
lase. In 1898, Takamine (1) described a method for the concentration of 
the amylase and called the product taka-diastase. This and similar 
products have found wide use in medicine and in industry. While amylase 
is the predominant enzyme of such preparations, other enzymes including 
maltase are also present and undoubtedly influence ae products of the 
hydrolysis of starch. 

The present report gives a brief summary of an extensive investigation 
of the purification and properties of this amylase. A procedure is described 
which yields preparations of exceedingly high amylase activity. These 
preparations give no evidence of maltase activity and have been used in 
detailed studies of the action of the amylase.! 


EXPERIMENTAL 


Highly active concentrated dry products obtained on a commercial scale? 
from extracts of the mold were used as the starting material for this work. 
These were subjected to a number of procedures designed further to con- 
centrate and purify the amylase. The success of each step was judged by 
the amylase activities attained. These were calculated to the common 
basis of amylase activity per mg. of total solids. All measurements of 
amylase activities were strictly comparable. For these, the amylase. 
reacted for 30 minutes at 40° with 1 per cent soluble potato starch ad- 
justed to 0.05 m sodium chloride and to 0.01 M acetate at pH 5.0 (2). 


Resulis 


Extraction—Extracts of the amylase were made with a number of 
different solvents some of which had been recommended by other workers. 
The solvents included distilled water at room temperature and at 5°; 1, 5, 


* We wish to thank the Takamine Laboratory, Inc., for grants in aid of this in- 
vestigation. 

1 Unpublished. 

* We wish to thank the Takamine Laboratory, Inc., for the generous gift of this 
highly active material. 
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and 10 per cent sodium chloride; 50 per cent alcohol (3); and 0.05 
acetate buffer solutions adjusted to pH 3.6, 5.0, and 6.5. These pH values 
were selected because previous work in this laboratory suggested that the 
isoelectric point of the amylase might be at about pH 5.0. Aqueous soly- 
tions of papain in concentrations of 0.25, 0.50, 0.75, and 1.0 per cent at 5°, 
25°, and 40° were also used, as several workers have reported increased 
success in the extraction of certain enzymes in the presence of this protease, 

The results were expressed as amylase activity per mg. of total solids of 
the extracts. It was found that distilled water used at room temperature 
was as satisfactory as any of the other solvents studied for the extraction 
of the amylase from the alcohol-precipitated starting material used here. 

Fractionation with Ammonium Sulfate—Previous work with this amylase 
(3) and with the amylases of barley and of malted barley (4, 5)* suggested 
the use of ammonium sulfate. This reagent was found to be very efficient 
for the fractionation of the amylase in the extracts and its use resulted in 
the most highly a¢tive products of this amylase so far obtained in this 
laboratory. Extracts with saccharogenic activities‘ of approximately 400 
and amyloclastic activities’ of approximately 2000 consistently vielded so- 
lutions with saccharogenic activities of approximately 3000 and amylo- 
clastic activities of approximately 16,000. These preparations give no evi- 
dence of maltase activity. 

Briefly, the method for obtaining these active preparations consists of 
fractional precipitation of aqueous extracts of commercial products with 
ammonium sulfate, suspension of the precipitates in a minimum of distilled 
water, dialyses to remove sulfate, concentration of the dialyzed solutions, 
measurement of amylase activities, and repetition of the fractionation and 
dialyses with the most active solutions until no further incréases occur in the 
amylase activities per mg. of total solids of the dialyzed soltitions. 

Solid ammonium sulfate was used for the precipitation. The dialyses 
were carried out in nitrocellulose* bags which were tightly filled to prevent 
undue dilution of the solutions. Concentration of the dialyzed solutions 


* Also unpublished work. 

‘The saccharogenic activity refers to the increase in the reducing value of the 
reaction mixture calculated as mg. of maltose per mg. of enzyme preparation when 
the hydrolysis of 1 per cent soluble potato starch is carried out for 30 minutes at 40° 
under certain specified conditions (2) and when the concentrations of the amylase 
are adjusted to give approximately the same (20 per cent) hydrolysis of the starch. 
The reducing values of the hydrolysis mixtures were determined iodometrically (6). 

5 The amyloclastic activity refers to the weight of starch hydrolyzed per unit 
weight of enzyme preparation to products which give a clear red color with iodine as 
judged by a modified Wohlgemuth method when the hydrolysis is carried out under 
certain specified conditions (2). 

® Made from tubing purchased from the Visking Corporation, Chicago. 
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was accomplished by suspending the bags in the breeze of an electric fan 
(4). Suspensions were centrifuged at 5° in a mechanically cooled centri- 
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Typical Data for Purification of Am ylase of Aspergillus oryzae by Fractionation with 
Ammonium Sulfate with Intervening Dialyses 


Treatment with ammonium sulfate | per | Ratio 
| gm. per 100 cc 
Original extract | 2,000 410 4.9 
Ist fractionation 0-30 9, 300 1830 5.2 
30-35 8,100 (a)| 1480 (a) 5.5 
35440 5, 600 1060 5.4 
40-50 2,400 1150 2.1t 
of Ist 0-30 | 9, 300 1830 5.2 
gm. fraction 0-30 9,200 (b)| 2030 (b) 4.5 
80-35 11,200 (e) | 2320 (e) 4.8 
100 (d), 2210 (ad) 5.0 
| 40-50 3,500 1060 3.3t 
rd fractionation of (c) and (d) 11,200 2270 4.9 
| 0-32 10,200 1820 5.6 
30-35 8,900 1780 5.0 
3540 11,200 (e)| 2480 (e) 4.6 
40-50 | 15, 600§ 3310§ 4.8 


* The amyloclastic activity refers to the weight of starch hydrolyzed per unit 
weight of enzyme preparation to products which give a clear red color with iodine 
when the amylase acts on 1 per cent soluble potato starch for 30 minutes at 40° under 
certain specified conditions (2). 

t The saccharogenic activity refers to the increase observed in the reducing value 
of the reaction mixture calculated as mg. of maltose per mg. of enzyme preparation 
when the amylase acts on 1 per cent soluble potato starch for 30 minutes at 40° under 
certain specified conditions (2) and when the concentrations of the amylase are ad- 
justed to give approximately the same (20 per cent) hydrolysis of the starch. The 
reducing values of the hydrolysis mixtures were determined iodometrically (6). 

t Fractions with these low ratios of amyloclastic to saccharogenic activities were 
found to contain relatively high concentrations of maltase. 

§ Further fractionation of these active solutions either with ammonium sulfate 
or with ethyl alcohol resulted in loss of activity. 


Typical data for one series of fractionations are summarized in Table I. 

In a similar manner, repeated refractionations of other fractions, desig- 
nated a, b, and e, in Table I, also resulted in highly active solutions with 
saccharogenic activities of 2800 to 2900 and amyloclastic activities of 13,000 
to 15,000. 


* Manufactured by the International Equipment Company, Boston. 
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Solutions of similar high activities were obtained from a number of start- 
ing materials of very different initial activities when the refractionationg 
were continued in each case until constant maximum activities were 
reached. The number of refractionations necessary was found to depend 
upon the starting material but usually three to five refractionations were 
sufficient. 

Attempts to purify the amylase by repeated fractionations with ammo- 
nium sulfate, but without the intervening dialyses, proved less satisfactory, 
The most active products thus obtained were about half as active as the 
best products resulting from the procedure described above. 

Attempts to improve the purification of the amylase by adjusting the 
hydrogen ion activities of its solutions in the fractionation with ammonium 
sulfate or during the dialyses also failed to increase the activities of the final 
products or to change the ratios of the amylolytic activities. 

Refractionation with ethyl alcohol of the highly active solutions of taka- 
amylase obtained by the fractionation with ammonium sulfate failed to 
increase their activities. This finding is in distinct contrast to the marked 
increases in activity obtained by alcohol fractionation of similarly purified 
solutions of the amylases of barley and of malted barley (4, 5).* 

Other protein precipitants which have been suggested for the fractiona- 
tion and purification of this or of other enzymes, namely sodium sulfate, 
magnesium sulfate, and basic lead acetate (7), were also investigated 
under a number of different conditions but gave less satisfactory results 
than the fractionation with ammonium sulfate. 

A systematic study was made of the adsorption of the amylase by alumina 
gel. This procedure has been successfully used in the purification of a num- 
ber of enzymes including pancreatic amylase (8, 9) and has been recom- 
mended as a step in the purification of the amylase of Aspergillus oryzae (7, 
10). While the results of the adsorption study throw light on the properties 
of the amylase and are reported in detail elsewhere (11), they 
lead to the conclusion that adsorption by alumina gel is not an effective 
method for the purification of taka-amylase whether it is used alone 
or in conjunction with other procedures such as fractionation with am- 
monium sulfate, with ethyl alcohol, or with basic lead acetate (7). 

The final highly active amylase preparations obtained by the fractiona- 
tion with ammonium sulfate outlined above gave no evidence of maltase 
activity. 

Partial inactivation of aqueous solutions of highly active taka-amylase 
at high temperatures (60° and 70°) or by acid (pH 3) or alkali (pH 9) caused 
no significant change in the ratio of their amyloclastic to their saccharogenic 
activities. These results suggest the presence of a single amylase; they 
give no indication of the presence of two amylases of widely different labili- 
ties such as the a- and 6-amylases of malted barley (12). 
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An examination of the ratios of the amyloclastic to the saccharogenic 
activities of the solutions obtained throughout the investigation also gives 
no evidence of the fractionation of two amylases, such as is observed in the 
fractionation by ammonium sulfate of the a- and 8-amylases of malted barley 
(4, 5). Except for the fractions which contained relatively large concen- 
trations of maltase, the fluctuations in the ratios of the two activities were 
relatively small. On the other hand, some of the fluctuations observed 
may have been due to the fractionation of small amounts of carbohydrases. 

The highly active preparations of taka-amylase are being studied for their 
action upon a number of different substrates. 


SUMMARY 


An extensive study of the purification of the amylase of Aspergillus oryzae 
has been made. A procedure is described which yields preparations of 
exceedingly high amylase activities. These highly active products give no 
evidence of maltase activity and are being used in studies of the action and 
properties of the amylase. 
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THE ANTIOXYGENIC SYNERGISM OF TOCOPHEROL AND RICE 
BRAN EXTRACT IN THE PRESERVATION OF CAROTENE 


By RUDOLPH M. TOMARELLI ano PAUL GYORGY 


(From the Wyeth Institile of Applied Biochemistry, and the Department of Pediatrics, 
School of Medicine, University of Pennsylvania, Philadelphia) 


(Received for publication, August 17, 1945) 


The occurrence of malignant hepatoma in rats ingesting a synthetic 
diet containing butter yellow may be prevented by the substitution of 
a high ratio of unsaturated fat in the diet. This protection against cancer 
could be neutralized by the additional inclusion of brown rice (1). These 
physiological reactions were explained by the demonstration in vitro that 
an oxidizing unsaturated fatty acid, such as linoleic acid, destroys butter 
yellow and that the oxidation is retarded by the presence of the brown 
rice. Aqueous extract of rice bran proved to be a potent antioxidant 
in preventing rancidity and the destruction of butter yellow when a linoleic 
acid solution of the dye was mixed into corn-starch (2). An attempt to 
demonstrate an in vivo action of the rice bran antioxidant in preserving 
carotene from oxidative destruction was unsuccessful; the simultaneous 
administration of carotene in linoleic acid with rice bran extract did not 
permit growth in vitamin A-deficient rats. Subsequent work (3) revealed 
that the remarkable stability afforded the linoleic acid-butter yellow- 
corn-starch mixture by rice bran was the result of a synergism between 
the rice bran extract and butter yellow; ¢.c., the activity of the combination 
was much greater than that of either alone. With the recognition of 
synergistic factors in rice bran extract, the carotene stabilization experiments 
were revised. Rice bran extract was tested in combination with a prep- 
aration of mixed tocopherol, the latter being selected as typical of naturally 
occurring inhibitols and because it has been extensively studied for its 
protection of carotene while in the intestine from the destructive action 
of oxidizing fat (4-45). The experiments reported here reveal that the 
antioxygenic activity of tocopherol is synergistically — by rice 
bran extract both in vivo and in vitro. 


Methods and Results 


In Vivo Stabilization of Carotenc—The effect of tocopherol and rice bran 
extract on the growth response of vitamin A-deficient rats receiving an oral 
supplement of carotene in linoleic acid was taken as a measure of the anti- 
oxidant action in the animal body. 
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21 day-old weanling rats from the laboratory colony were placed op 
the following vitamin A-deficient diet: vitamin-free casein (Smaco) 18, 
Primex 5, glucose 73, salt mixture 4 (U.S. P. XII). This diet differs from, 
the standard U.S. P. diet in that it lacks yeast, the removal of yeast being 
necessary since yeast as well as other sources of the vitamin B comple 
(2) has been shown to contain factors that retard fat oxidation (7). The 
vitamin B requirements of the rats were furnished by a daily supplement 
of the crystalline vitamins, thiamine 20 7, riboflavin 25 +, pyridoxine 
20 y, calcium pantothenate 100 y, and choline chloride 20 mg. Ong 
weekly they received several drops of viosterol. Food and water wer 
given ad libitum. On this dietary régime depletion of vitamin A reserves, 
as evidenced by cessation of growth and appearance of ocular symptoms, 
occurred between the 30th and 40th day. The rats were then divided by 
sex and weight into the number of groups desired. The supplement of 
crystalline carotene (Smaco) and mixed tocopherol (Distillation Products, 
Inc.) dissolved in linoleic acid (Glyco Products, refined light) was prepared 
twice weekly and stored at 5°. The carotene content of the supplement 
was checked by spectrophotometric determination. The mixture of 
tocopherols was used as being representative of the naturally occurring 
form and because all three isomers possess approximately equal carotene- 
sparing action (6). Rice bran extract (Nopco) was administered imme- 
diately after the oil supplement so that all the constituents concerned would 
be present at the same time in the rat intestine. All supplements were 
given orally by syringe. Survival time or increase in growth of the vitamin 
A-deficient rats was taken as a measure of physiological antioxidant activity 
of tocopherol and rice bran extract. The rats were weighed thrice weekly. 

Harris, Kaley, and Hickman (6) have stressed the importance of a 
definite ratio of carotene to tocophercl for optimal protection. In all df 
the experiments reported here 0.2 mg. of mixed tocopherol was selected 
as a level which, while probably suboptimal for carotene sparing, would 
be more appropriate for the demonstration of a synergistic reaction with 
rice bran extract. 

In the first preliminary experiment 5 y of carotene were given to all 
groups. The growth curves of Fig. 1 show that 5 y of carotene in 0.1 ml. 
of linoleic acid alone or with rice bran extract would not alleviate the steady 
decrease in weight of the vitamin A-depleted animals. The average sur- 
vival time of Group 1 was 17.9 days; that of Group 2, receiving rice bran 
extract, was 12.8 days. The simultaneous administration of 0.2 mg. d 
mixed tocopherol with the carotene and linoleic acid resulted in a prompt 
positive growth response (Group 3). With the additional supplement d 
rice bran extract, still better growth was achieved (Group 4). The growth 
of this latter group approached that of the positive control, Group 5, i 
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which the rats received the vitamins in cottonseed oil solution. When the 

riment was repeated with a larger number of animals, the same results 
were obtained; the group of rats receiving carotene and tocopherol in lino- 
leic acid was approximately 10 gm. lighter after 7 weeks than was the group 
receiving the identical oil supplement plus rice bran extract. Statistical 
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Fig. 1. Effect of mixed tocopherol and rice bran extract on the growth reponse 
of vitamin A-depleted rats receiving carotene inlinoleic acid. The respective curves 
represent the results of groups treated as follows: Group 1, four males, three females, 
5 of carotene in 0.1 m!. of linoleic acid; Group 2, 2 males, 3 females, same as Group 
1+0.2ml. of rice bran extract; Group 3, 3 males, 2 females, 5 y of carotene + 0.2 
mg. of mixed tocopherol in 0.1 ml. of linoleic acid; Group 4, 2 males, 3 females, 
same as Group 3 + 0.2 ml. of rice bran extract; Group 5, 3 males, 3 females, 5 y of 
carotene and (0.2 mg. of mixed tocopherol in 0.1 ml. of cottonseed oil. 


analysis of the data (Table 1) revealed that the difference of the mean 
weight increase of Groups 3 and 4 was definitely significant; the critical 
ratio’ obtained was 3.9, and the probability of the difference in the mean 
being accidental was less than 0.01 per cent. 


‘Critical ratio = (M, — Mz)/V + M = mean, = stand- 
ard deviation, N = the number of rats. 
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In an attempt to find conditions which would better demonstrate the 
synergism, additional groups of rats were supplemented with lower amounts 
of carotene. 2.0 y of carotene in 0.1 ml. of linoleic acid failed to maintain 
life even when protected with both tocopherol and rice bran extract. AVith 
a supplement of 3.5 y of carotene in 0.1 ml. of linoleic acid protected by 
the usual 0.2 mg. of mixed tocopherol, the growth rate of the rats at the 
end of 7 weeks was 8.5 gm. per rat per week, while a control group receiving 
an additional supplement of rice bran extract grew at a rate of 10.0 gm. 
per rat per week. This difference was also statistically significant. 

The question arose as to whether this increased growth was the result of 
a greater intake of carotene due to the increased preservation of the ad- 


TABLE I 


Effect of Mixed Tocopherol and Rice Bran Extract on Stabilization of Carotene in 
Linoleic Acid in Vivo 


| | Av | 
Pag Daily supplement | No. of rats survival Avene ee 
| | om. per rat per wk. 
1 5 y carotene in 0.1 ml. linoleic acid ido, 19.5 | 
| 109 | 
2 | Same + 0.2 ml. rice bran extract 9A, 16.6 
89 | 
3 5 y carotene + 0.2 mg. mixed tocopherol | 12 9.2 + 1.57° 
in 0.1 ml. linoleic acid 16 9 | 
4 Same + 0.2 ml. rice bran extract 10 #, | ~—6©10.9 + 1.46° 
149° | 
5 5 y carotene + 0.2mg. mixed tocopherol 90, 
in 0.1 ml. cottonseed oil | 12 9 | | 


* Standard deviation. 


ministered carotene by rice bran extract or to other nutritional factors 
present in the extract. Sullivan and Evans (8) have reported that the 
growth of carotene-supplemented rats was influenced by the amount d 
B vitamins ingested. As rice bran extract is certainly a good source of 
the vitamin B complex, an experiment was run in which one group of 
animals receiving 3.5 y of carotene and 0.2 mg. of mixed tocopherol i 
0.1 ml. of linoleic acid was given, in addition to the usual supplement of 
the five necessary B vitamins, the following daily dose of other vitamin 
B factors: nicotinic acid 1 mg., inositol 1 mg., p-aminobenzoic acid 1 mg. 
and biotin 0.5 y. This group exhibited no better growth than a contrd 
group. 

The results of the experiment presented in Fig. 2 offer evidence that 
the increased growth of rats receiving both tocopherol and rice bran extract 
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is the result only of increased carotene utilization and is not due to the pres- 
ence of any other nutritional factors. After 7 weeks of supplementing, the 
rats of Group | receiving Supplement | (3.5 y of carotene and 0.2 mg. of 
mixed tocopherol in 0.1 ml. of linoleic acid daily) had reached an average 
weight of 131 gm.; Group 3 receiving the identical supplement plus 0.2 
ml. of rice bran extract (Supplement 3) weighed 141 gm. It was reasoned 
that, if the difference in growth was the result of greater utilization of 
carotene alone, supplementing the rats of Group | with additional carotene 
should permit growth as good as that of Group 3. The eight rats receiving 
Supplement 1 (Fig. 2) were divided into two subgroups (Group 2). The 
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Fic. 2. In vivo stabilization of carotene in linoleic acid by mixed tocopherol and 
rice bran extract. The curve numbers represent the respective groups treated as 
follows: Group 1, 3.5 y of carotene-and 0.2 mg. of mixed tocopherol in 0.1 ml. of linoleic 
acid; Group 2, same as Group 1 + separate supplement of 50 y of carotene in cotton- 
seed oi]; Group 3, same as Group 1 + 0.2 ml. of rice bran extract; Group 4, same as 
Group 3 + separate supplement of 50 y of carotene in cottonseed oil. 


animals of Group 2 received a drop of carotene preparation (50 y) daily 
with their vitamin B supplement, thus minimizing any possibility of 
destruction by the linoleic acid of the regular supplement which was admin- 


istered later in the day. In 2 weeks time the average weight of the rats 
of Group 2 was equal to that of Group 3. Group 3 was then divided into 
two subgroups of four animals each (Group 4). Group 4 received the 
additional drop of carotene preparation (50 7). Groups 2 and 4, receiving 
the excess of carotene, now showed identical growth curves, while Groups 
l and 3 continued their relative rate of growth. Each subgroup contained 
two males and two females. The fact that rice bran extract demonstrates 
& growth-promoting effect only on rats receiving a suboptimal amount 
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of carotene offers evidence of the existence of a factor or factors that are 
concerned only with carotene utilization. The postulation of an anti 
oxidant synergist acting with tocopherol in retarding the destruction of 
carotene in the rat intestine by the oxidizing linoleic acid is borne out by 
the in vitro experiments described in the next section. 

In Vitro Stabilization of Carotenc— The effect of tocopherol and rice bran 
extract on the time required for the oxidative destruction of carotene in 
linoleic acid was taken as a measure of synergistic antioxidant activity. 
1 ml. of a linoleic acid solution of carotene and tocopherol was pipetted 
into a number of 10 ml. Erlenmeyer flasks, carefully selected for uniformity 
of size. When rice bran extract was tested, 1 ml. of the extract was pipetted 
into the flask already containing the oil and the two solutions mixed by 
gently swirling the flask. The groups of flasks were then placed in the 
incubator at 30°; every day one flask from each group was removed and 
the carotene content determined. The contents of the flask were washed 
with approximately 10 ml. of petroleum ether into a separatory funnel, 
20 ml. of alcoholic KOH were added to give a clear solution, 20 ml. of 
H.O were added, the mixture was shaken, and then, after separation into 
two layers, the water-alcohol solution was discarded. This procedure 
removed linoleic acid and oxidation products which interfered with the 
carotene determination. Carotene was determined in the proper dilution 
of the petroleum ether fraction by measurement of light transmission at 
450, 460, 475, and 490 my with the Beckman spectrophotometer. The 
concentration of carotene was calculated by reference to standard curves. 
Rancidification of the linoleic acid was checked by determination of the 
peroxide number (9). 

The results of a typical experiment testing the effect of tocopherol and 
rice bran extract on the preservation of carotene in linoleic acid are pre- 
sented in Fig. 3. Under the conditions of the test, carotene in linoleic 
acid solution was completely destroyed in 24 hours (Curve 1); addition of 
1 ml. of rice bran extract afforded no protection (Curve 2); 2 mg. of mixed 
tocopherol alone extended the time required for 50 per cent destruction 
of carotene to 2 days (Curve 3); while with both the tocopherol and 1 ml. 
of rice bran extract, approximately 60 per cent of the carotene was retained 
after 8 davs (Curve 4). 

Linoleic Acid Stabilization by Tocopherol and Rice Bran Extract—The 
determination of peroxide values on a similar set of samples correlates 
carctene destruction with oxidation of the linoleic acid. In samples cen- 
taining only carotene in linoleic acid the peroxide number rises sharply 
on the 2nd day. The same is true when rice bran extract alone is present 
with the linoleic acid solution of carotene. In Fig. 4 are presented only 
the curves of the pertinent data demonstrating antioxidant synergism im 
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retarding linoleic acid oxidation and subsequent carotene preservation. 
With tocopherol present the end of the induction period, as characterized 
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Fie. 3. Stabilization of carotene in linoleic acid by mixed tocopherol and rice bran 
extract. Curve 1,35 y of carotene in 1 m]. of linoleic acid; Curve 2, same as for Curve 
1+1 ml. of rice bran extract ; Curve 3, 35 y of carctene and 2 mg. of mixed tocopherol 
in 1 ml. of linoleic acid; Curve 4, same as for Curve 3 + 1 ml. of rice bran extract. 
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Fic. 4. Synergistic action of mixed tocopherol and rice bran extract in retarda- 
tion of linoleic acid oxidation and subsequent preservation of carotene. Curves 1, 
% 7 of carotene + 2 mg. of mixed tocopherol in ] ml. of linoleic acid; Curves 2, same 
“for Curves 1 + 1 ml. of rice bran extract. 


by the sharp rise in peroxide content, occurs about the 8th day (Curve 1). 
With both tocopherol and rice bran extract present, relatively little oxida- 
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tion had taken place after 10 days; on the 15th day the peroxide numb 
was still only up to 30 milliequivalents per gm. It is of interest to ng 
in Fig. 4 that the sharp rise in peroxide number of Curve 1 occurs ¢ 
after the complete destruction of carotene; this was found to be true 
all samples, with or without antioxidants. Williams e/ al. (10) have» 
ported a similar observation with carotene dissolved in mineral ojf 
Sparing of Tocopherol by Rice Bran Extract— According to classical theoy 
the end of the induction period of fat oxidation coincides with the comple 
destruction of antioxidants. Since rice bran extract is only effective j 
retarding oxidation when in combination with tocopherol, it would seeg 
that factors in the extract preserve tocopherol from oxidative destructiong 
perhaps regenerate oxidized tocopherol in a manner similar to that deseribe 
by Golumbic in his study of tocopherol and phosphoric acid synergism (11) 
Information on this point was sought by studying the effect. of rice bry 
extract on the rate of destruction of mixed tocopherol in linoleic aed 
solution. Attempts to determine tocopherol by the mmerie-Engd 
method (12) in the system described above were unsuccessful owing te 
the high concentration of interfering substances; namely, carotene and 
fatty acid oxidation products. Adsorption and solvent extraction studi 
yielded a low recovery of added tocopherol. For this reason the invest. 
gation was conducted on samples containing 100 mg. of mixed tocopherd 
per ml. of linoleic acid. By thus reducing the relative proportions ¢ 
interfering substances and using the modified procedure suggested by 
Kaunitz and Beaver (13) for determination of tocopherol in the presene 
of fat, a satisfactory method was cbtained. The test consisted of pipetting 
5 ml. of the linoleic acid solution of tocopherol and carotene into two st 
of 50 ml. Erlenmeyer flasks, 2 ml. of rice bran extract being added to om 
set. The flasks were maintained at 30° and at daily intervals 0.1 ml. aliquot 
were removed for tocopherol and carotene determinations. The rest} — F 
presented in Fig. 5 show a rapid destruction of carotene and tocophen 351 
in the Ist few days; then the curves of Sample IT, containing rice bm} 74 
extract, level off and oxidation proceeds at a relatively slower rate (Cure 
2). However, in Sample I with no rice bran extract, oxidation continues} eid 
rapidly until complete destruction of tocopherol and carotene has occumtl 
by the 24th day (Curves 1). At this time 40 per cent of the tocophent 
still remains in Sample IT. Rice bran extract in some manner preservt 
tocopherol from oxidative destruction. The carotene destruction cum 
of both samples follow very closely that of the tocopherol, confirm 
the ability of the rice bran extract to influence the state of oxidation em 
ing in the fatty acid solution. It should be pointed out that while carotet 
is destroyed at the same rate as tocopherol the provitamin is not eapall 
of antioxidant activity, at least not in the system under investigstt® 
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met =farlier work in this laboratory has revealed that the oxidation of linoleic 
OWE acid with or without 2 mg. of tocopherol per ml., as measured by the 
: ide number increase, is not affected by the presence of 35 y of carotene. 

Stabilization of Oils Pretreated with Rice Bran Extract—In all of the pre- 
ceding experiments linoleic acid rather than whole fat has been used. 


il, Since our interest has been with the physiological implications, linoleic a 
ont §=acid was selected because unsaturated fat of the diet would be present a 
plete in the intestine after enzymatic digestion, chiefly in the form of linoleic a 
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Fic. 5; Effect of rice bran extract on the preservation of mixed tocopherol and 
carotene in linoleic acid. Curves 1, Sample I, 500 mg. of mixed tocopherol and 
3.5 mg. of carotene in 5 ml. of linoleic acid; Curves 2, Sample IT, same as Sample | 
1+2ml. of rice bran extract. 


acid. Then too, linoleic acid, being more readily oxidizable, was a con- 
venient substrate for fat oxidation studies. In the following experiments 
a study of the synergistic action of tocopherol and rice bran extract has 
been extended to cottonseed and soy bean oil. In these experiments 
anew technique was introduced. In previous experiments the rice bran 
extract remained in the assay flasks in contact with a linoleic acid solution 
d tocopherol and carotene during the oxidation. It was found that if 
the linoleic acid was first shaken thoroughly with the rice bran extract 
aad then separated by centrifuging and filtering, the so treated linoleic 
acid made a much more stable solvent for the carotene and tocopherol. 
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In the experiment presented in ‘Table IL, 2 ml. of linoleic acid were shaken 
with varying amounts of rice bran extract. The mixture was separated 
and 350 y of carotene and-2 mg. of mixed tocopherol were dissolved ip 
1 ml. of the treated oil. Whe stability of the linoleic acid was determined 
by the rate of destruction ¢f carotene. It is apparent from Table II tha 


II 


Preservation of Carotene by Tocopherol in Linoleic Acid Treated by Shaking with Varied 
Amounts of Rice Bran Extract 


‘ Per cent carotene retained at 30° 
Rice brain 
extract 
1 day 2 days 3 days 6 days 7 days 13 days 
ml. | 
0.0 47.2 32.8 19.4 0 0 0 
0.1 77.1 67.2 63.0 30.6 22.0 0 
1.0 90.0 88.1 83.4 71.5 66.2 42.0 
2.0 98.5 95.0 85.5 79.2 72.0 66.0 
5.0 94.3 93.0 83.5 84.2 79.2 71.5 
10.0 90.5 91.0 86.9 82.6 74.6 66.9 
TaB_e III 
Effect of Added Tocopherol and Rice Bran Extract on Preservation of Carotene 
in Cottonseed Oil 
Per cent carotene retained at 0” 
— Sample in 50 ml. Erlenmeyer flask 
3 days | 8 days | 11 days|13 days 
1 10 ml. cottonseed oil solution of carotene, 4.5 | 77.4 | 1.0 
mg. per gm. 
2 Same + 5 ml. rice bran extract 88.5 | 20.7; 1.0 
3 ‘* as Flask 1 + mixed tocopherol, 4.5 mg. | 93.1 | 34.4| 9.4) 21 
per gm. 
4 Same + 5 ml. rice bran extract 90.4 | 59.7 | 49.0 | 43.1 
5 10 ml. “‘treated’’* cottonseed oil solution of | 100.0 | 81.5} 1.2 
carotene, 4.5 mg. per gm. 
6 Same + mixed tocopherol, 4.5 mg. per gm. 98.5 | 84.7 | 69.2 | 53.0 


* This oil contained 5 ml. of cottonseed oil that had been shaken with 5 ml. of 
rice bran extract. 


increasing the amount of rice bran extract to 2.0 ml. results in increased 


protection of carotene. 


increase in stabilization. 
In Table III are presented data on the stabilization of cottonseed oil by 


tocopherol and rice bran extract. 


Above this level there seems to be no further 


The most complete protection wa 


found in Flasks 4 and 6, demonstrating the synergistic effect of tocopherd 
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and rice bran extract to be effective with cottonseed oil. Similar results 
were found with soy bean oil (Table IV). Stabilization of the oil by shaking 
with rice bran extract is accomplished to a greater degree with the cotton- 


seed oil than with the soy bean oil (Flask 6, Tables III and IV). Addition © 


of rice bran extract alone to either cottonseed or soy bean oil affords some 
ion (Flasks 2 and 5). This does not occur with linoleic acid, a 
fact which might be explained by the natural tocopherol already present 


in each of the oils. 


lV 
Effect of Added Tocopherol and Rice Bran Extract on Preservation of Carotene in 
Soy Bean Oil 
| Per cent carotene retained 
Flask Sample in SO ml. Erlenmeyer flask 
| 3 days 10 days | 21 days 
hi 10 ml. soy bean oil solution of carotene, 4.5 mg. 70.5 1.1 
per gm. 
2 | Same + 5 ml. rice bran extract 82.0 17.8 1.1 
3 “as Flask 1 + mixed tocopherol, 4.5 mg. | 76.2 9.4 
per gm. | 
4 | Same + 5ml. rice bran extract —« 90.3 41.8 4.5 
5 | 10ml. “treated’’* soy bean oil solution of carotene, | 80.0 6.1 
4.5 mg. per gm. | | 
6 | Same + mixed tocopherol, 4.5 mg. per gm. —«89.5 19.2 1 


* This oil contained 5 ml. of soy bean oil that had been shaken with an equal 
volume of rice bran extract. 


DISCUSSION 


The rising interest in the participation of antioxidants in physiological 
fat reactions is amply evidenced by the number of recent publications. 
The majority of these investigations have been concerned with dietary 
factors which protect carotene, while in the intestine, from the destructive 
action of oxidizing fat. In the interpretation of results, it would be well to 
consider all such factors as members of one of the two groups ten- 
tatively suggested by Mattill (14) for classificaion of antioxidants; namely, 
(1) those phenolic compounds that are active per se, and (2) the synergists, 
acidic compounds, whose entire action is merely that of enhancing the 
eect of the phenolic antioxidants. Of the carotene-sparing factors, 
protective in the intestine, tocopherols (1-3), lauryl hydroquinone (3), 
and gossypol (15) may be considered as members of the first group. Ex- 
amples of antioxidant synergists are those factors in soy bean phosphatide 
reported necessary for proper utilization of vitamins A and E by both the 
rat (16) and chick (17). Yeast also contains fat-soluble synergists (17), 
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a finding which cautions against the use of yeast as a source of the vitamin 
B complex for such experimental diets. Hickman ef a/. (18) have demon- 
strated a reinforcement of the antioxidant activity of mixed tocopherols 
by palmityl ascorbic acid as measured by carotene utilization and in the 
present paper a similar effect was demonstrated with rice bran extract, 
Since rice bran extract is effective only in combination with tocopherol, 
the antioxidant factor would appear to be of the acidic type; this, however, 
does not exclude the possibility of the presence as well of polyphenolic 
compounds which may be antioxygenic in themselves but whose activity 
is not demonstrable under the conditions of the experiment. Such com- 
bination of antioxidants appears to play a réle in the antioxygenic reactions 
involved in the production of malignant hepatoma in rats by feeding 
N, N-dimethylaminoazobenzene (butter yellow) (1). All the examples 
cited here concern retardation of fat oxidation in the intestine; our knowl- 
edge of the participation of antioxidants in tissue reactions rests with the 
observation of Houchin and Mattill (19) that tocopherol phosphate lowers 
the high oxygen consumption of dystrophic rabbit muscle. In the complex 
biological oxidations of the animal body, it would seem more than likely 
that antioxidation would be the result of a multiple synergy rather than 
that of a single entity. This would seem especially true when one considers 
that of the large number of acidic compounds, both organic and inorganic, 
shown by Olcott (20) to be antioxidant synergists, a good proportion are 
constituents normally present in tissue. 
SUMMARY 

1. The growth rate of vitamin A-deficient rats receiving an oral sup- 
plement of carotene and tocopherol in linoleic acid solution is increased 
by the additional supplement of rice bran extract. 

2. This growth-promoting effect is only evident with rats on a sub- 
optimal carotene intake, indicating the presence oi factors in rice bran 
extract that permit a greater utilization of carotene. 

3. In vitro experiments reveal that rice bran extract acts synergis 
tically with mixed tocopherols in retarding oxidation of linoleic acid and 
consequently preserves carotene. 

4. Rice bran extract is effective in that it delays the destruction of 
tocopherol in linoleic acid solution. 

5. The antioxidant synergism of rice bran extract and tocopherol is 
also effective with cottonseed and soy bean oil. 
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CYANIDE LOSS FROM MEDIA. IN STUDIES OF TISSUE 
METABOLISM IN VITRO* 


By BENJAMIN C. RIGGS 


(From the John Herr Musser Department of Research Medicine, University of Pennsyl- 
vania, Philadelphia) 


(Received for publication, August 25, 1945) 


In the course of experiments in this laboratory on the general subject 
of oxygen poisoning it became necessary to study the metabolism or func- 
tion of tissues in vifro in the presence of cyanide: Although cyanide is — 
frequently used as an inhibiting agent, a methodical experimental in- 
vestigation of the factors influencing cyanide concentration under the 
conditions of the Warburg and similar techniques is apparently lacking. 
To measure the oxygen consumption of tissues in a closed respirometer 
it is necessary to include an alkali inset to absorb CO,. Under these 
circumstances, cyanide present in the medium distils over to the alkali. 
To prevent this, the inclusion of cyanide in the alkali inset was advocated 
by Walker (1), and later Krebs (2). Neither author, however, gave more 
than empirical data for the assembly of experimental systems. Van 
Heyningen (3) showed the importance of the initial concentration of cyanide 
in the alkali, although he was chiefly concerned with other influences upon 
cyanide inhibition. He found that, at an initial cyanide concentration 
in the medium of 10~* mM, the respiration of rat kidney slices was 80 per 
cent inhibited provided cyanide was also present initially in the CO,- 
absorbing alkali inset, but only 8 per cent when cyanide was omitted from 
the alkali. 

The first theoretical analysis of the cyanide equilibrium between a 
neutral medium and an alkali inset was given by Umbreit (4), who cal- 
culated the cyanide required in the alkali to prevent loss from various 
initial concentrations in the medium. In Umbreit’s table, however, the 
total amount of alkali to be added to the inset ranged from 0.2 to 20 micro- 
equivalents. These amounts appear too small for most studies by the 
Warburg method. No experimental data are included in Umbreit’s 
discussion. 

The present paper develops a further theoretical approach, and compares 
experimental with calculated equilibria. The results offer a practical 
basis for the assembly of experimental systems in which cyanide is used. 


*The work described in this paper was done under a contract, recommended by 
the Committee on Medical Research, between the Office of Scientific Research and 
Development and the University of Pennsylvania. 
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Theoretical Under otherwise cpnstant conditions it may be assumed 
that the rate of distillation of cyanide from the medium to the alkali inset 
or vice versa will depend upon the concentration of hydrocyanic acid, 
Accordingly, equilibrium will be established when the respective concen- 
trations of HCN are equal. Thus, 

(H*)’ (H*)’” 


(HCN) (H*)’ + kK’ T” (H*)” + K’ (1) 


where (H*)’ and (H*)” are hydrogen ion concentrations in the alkali and 


_ medium respectively, K’ and K” are apparent acid dissociation constants 


of HCN in the alkali and medium respectively, and 7” and 7” are total 
cyanide concentrations in the alkali and medium respectively. 

In a dilute cyanide solution (0.010 mM), no other salt being present, the 
author determined electrometrically K” to be 10~-°*, a value in accord 
with that given in the literature (5). Further, since the medium in most 
in vitro work is approximately (H*)” = >10~-7 and the alkali insets are 
at (H*)’ = <10-", it is at once obvious that (H*)’ << A’ and (H*)” >> 
K”. Equation 1 then becomes, approximately, 


T’ K’ 
™” 

It is significant to note that the dissociation constant which remains 
in the equation is that of the HCN in the alkali, not that in the medium. 
But the assumption usually made in applying expressions similar to Equa- 
tion 1 to the assembly of experimental systems is that A’ = A”. Asa 
hypothetical example with this figure for both the medium and alkahi, 
when the alkali is 0.1 M, z.c. pH’ = 13 (a concentration commonly used), 
T’/ T” = 6300. In other words, the KCN in the alkali would have to 
be 6 M in order to give a constant concentration in the medium of 0.001 
M. Furthermore since 6 M KCN in alkali is a saturated solution, 0.001 m 
KCN in the medium would be the maximum possible concentration which 
could be maintained constant. 

Tables hitherto published for practical use, for example those by Umbreit 
(4), have been developed on the same assumption. To maintain the 
concentration of KCN in the medium at a value gréater than 0.00} M 
the theory requires that the pH in the alkali inset be diminished; 1.., 
that the concentration of the alkali be lowered. But this leads to the 
further difficulty that the total amount of alkali becomes too small for 
practical purposes unless the capacity of the inset is made impractically 
large. 

It soon became apparent, however, that the predictions derived as above 
were so much at variance with observations that important factors were 
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being neglected. ‘Two are discussed in this paper. (a) As is well known, 
acid dissociation constants are markedly influenced by the ionic environ- 
ment; hence the theory must include differences in A between solutions 
of widely different salt concentration. This necessitated measurement 
of the acid dissociation constant of HCN under the actual conditions used 
in respiratory studies by the Warburg method. (+) Experimental assem- 
blies present other variables not practically included in any theoretical 
analysis, making individual controls imperative in every case. 


Methods 


Recrystallized KCN was made up as stock in 0.001 a NaOH solution 
and the concentration checked at intervals by gravimetric analyses as 
AgCN. Other cyanide determinations were by the colorimetric method 
of Smith (6), in which the addition of alkaline picrate to eyanide produces 
a reddish brown color due to the formation of isopurpurate. The method 
was adapted for use with the Klett-Summerson photoelectric colorimeter, 
with Filter 54. Measurements were made from 0.1 to 1.0 micromole with 
a reproducibility of +2 per cent and it was found that multiple determina- 
tions could be run simultaneously in 15 or 20 minutes. 

As pointed out by Smith (6), glucose and other substances present 
in a glucose-phosphate-Ringer’s medium interfere with the picrate method 
for cyanide. Accordingly, a simple 0.040 m phosphate buffer at pH 7 
was used as the medium. 


EXPERIMENTAL 

Determination of Value of Dissociation Constant of HCN in Concentrated 
Solutions of Cyanide in Alkali— This was done by measuring the conditions 
necessary for equilibrium between the cyanide in the alkali and that in 
the medium. Since the medium is at pH 7.0 and the observed value of 
K” = 10-** (see above), the cyanide in the medium is practically all 
in the form of HCN. This assumption allows of the calculation of K’ in 
the alkali inset. 2.0 ml. portions of weakly alkaline KCN were placed in 
the main compartments of standard Warburg respirometers, 1.0 ml. of 
phosphate buffer in the side sacs (sufficient to give a final concentration 
after mixing of 0.04 m, and pH 7.0), and 0.5 ml. of 0.1 m NaOH in the 
center wells. KCN was initially present in the NaOH inset, as shown 
in the results. The vessels were attached to manometers and equilibrated 
at 38° in a water bath. The contents of the side sacs and main compart- 
ments were then admixed and the time taken, The vessels were shaken 
thereafter at 5 cm. amplitude and 100 oscillations per minute, The vessels 
were taken down at various times, alkali was added to the main compart- 
ment to prevent loss of the remaining cyanide, and the contents of the 


t 
2 
? 
a 
+ 
4 
* 


€ 

3 

4 

% 
4 


384 CYANIDE LOSS FROM MEDIA 


center well were removed by suction. ‘The vessels were kept stoppered 
for the later determination of cyanide by the picrate method. In all 
cases the initial cyanide was determined at the time of tipping, and the 
concentration of the stock was checked at intervals by the gravimetrie 
method, since cyanide is slowly lost even from alkaline solution. 

Fig. 1 shows the effects of varying the initial concentration of cyanide 
in the alkali inset upon the concentration of cyanide in the medium after 
a standard 30 minute period of equilibration. The initial cyanide con- 
centration was 0.0027 mM. By interpolation, it is seen that there was no 
gain or loss from the medium during equilibration with approximately 
5 M KCN in the alkali. In other words at this point the concentration 
of HCN in the medium and alkali inset is the same; viz.,0.0027 mM. When 
Equation 1 is applied to the conditions in the alkali inset, A’ = 10-92, 
a significantly different value from that obtained for dilute solutions (K” 


40 

6 2 4 6 
CN in Alkali, M. 


Fic. 1. The per cent gain or loss of cyanide in a neutral medium in 30 minutes at 
38°, in the presence of a 0.1 m NaOH inset with varying initial concentrations of 
cyanide. The initial concentration of cyanide in the medium was 0.0027 » in all 
cases. 


= 10-979), When 7’/ 7” in this case was found to be 1900, the value 
predicted by assuming A’ = 10~-°*? was shown above to be 6300. 

It soon became apparent, however, that this. new determination of 
K’ in concentrated cyanide solution did not clear up all of the difficulties, 
for when the initial concentration of cyanide in the medium was greater 
than 0.003 m the theoretical value of 7’/ 7” = 1900 at equilibrium was 
not even remotely approached. These experiments are given in the fol- 
lowing two sections. 

Cyanide Concentration in Medium As Function of Time, with No Cyanide 
Initially Present in Alkali—The procedure was essentially the same as 
in the preceding experiment. Fig. 2 shows the results with two different 
concentrations of cyanide initially in the medium. When the initial 
cyanide concentration was 0.030 M, there was a rapid distillation of cyanide 
from the medium to the alkali (50 per cent) in the first 5 minutes. When 
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and a consequently more steadily continued approach to true equilibrium. 
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the initial concentration was much lower, 7.c. 0.008 m, the loss from the 
medium was slow (25 per cent in 45 minutes). 

In the case of the upper curve of Fig. 2, the final evanide determination 
was made at apparently complete equilibrium, and shows a loss of 0.002 
M concentration, or 60 micromoles total. Assuming the cyanide in the 
gas phase to be negligible, which is consistent with its high solubility, 
this means a final concentration of cyanide in the alkali of 0.12 Mm. In 
this case, then, the ratio T’/ T” = 12. In other words, the result is far 
removed from that predicted by theory, viz. 1900, indicating the presence 
of factors not included in I:quation 1. 

A possible explanation for this result lies in the physical characteristics 
of the system. The standard Warburg vessels used were equipped with 


20 40 60 80 
Time, Minutes 


Fig. 2. The cyanide concentration in a neutral medium as a function of time, in 
the presence of a 0.1 Mm NaOH inset with constant shaking at 38°, no cyanide being 
initially present in the alkali. 


center wells of approximately 6 mm. internal diameter, and height 25 mm. 
It was observed that the 0.5 ml. contained in these center wells was 
agitated to a negligible degree by the shaking. For this reason admixture 
of absorbed cyanide throughout the entire volume of the alkali in the inset 
was almost entirely dependent on simple diffusion. A high concentration 
of cyanide could thus be rapidly reached at the surface of the alkali. Since 
eyanide was absorbed from the gas phase as free HCN, there may also 
have been a significant lowering of pH locally, with a consequent increase 
in the proportion of cyanide as free acid. A close approach to an equi- 
librium was thus established with a much higher concentration in the 
medium than that predicted by theory. 

In Fig. 2, the lower initial concentration of eyanide in the medium 
probably resulted in a less marked local effect at the surface of the alkali, 
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Cyanide Equilibrium As Function of [Initial Concentration Medium, 
with Standard Concentration in Alkali— Fig. 3 compares the experimentally 
determined equilibria with those predicted by Equation 2, in which 7’/ 
T” = 1900. The theoretical curve is seen to be almost exactly horizontal 
at the 0.003 mM level. This follows from the fact that any distillation from 
the medium will cause a change in cyanide concentration in the alkali 
which is negligible with respect to its initial concentration of 5 M. In 
other words, within obvious limits, distillation should proceed from the 
medium to the alkali until the cevanide concentration in the medium reaches 
0.003 M, regardless of its initial concentration. Instead of this, the result 
shows that distillation has proceeded only until a constant proportion of 
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Fic. 3. Equilibrium (final) concentration of cyanide as a function of its initial 
concentration, following 90 minutes continuous shaking at 38°, in the presence of 
5m KCN in 0.1 mM NaOH (S80 per cent saturated). The circle represents the point of 
zero distillation shown in Fig. 2. The broken line is the function predicted by 
theory. 


the initial cyanide has been lost to the alkali (20 per cent). This result 
could be explained in a manner similar to that of the previous experiment. 

Conclusions—W hile it has been shown that previous theoretical analyses 
of cyanide equilibria between two adjacent solutions of differing pH within 
a closed system have been based upon erroneous assumptions, the experi- 
ments presented demonstrate that no simple theoretical analysis can be 
depended upon for the design of experimental assemblies for techniques 
of the Warburg type. It is therefore necessary in all cases to control 
experimental assemblies by methods similar to these given. Furthermore, 
a system of the type studied is capable of maintaining a cyanide concen- 
tration in the medium up to any value reasonably desired, without the 
reduction in alkali concentration or increase in alkali volume previously 
thought necessary. 

In addition, it must be said that while previous workers have often made 
a sufficient approximation to the conditions necessary for the maintenance 
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of known levels of cyanide concentrations in Warburg studies, they may 
in some cases have had concentrations sufficiently above or below the 
assumed to place discussion of the relation between eyanide concentration 
and the degree of respiratory inhibition upon a dubious basis. 


SUMMARY 


1. Theoretical analyses of factors governing cyanide loss from neutral 
media to alkali insets within respirometers of the Warburg type are shown 
to demand inclusion of separate dissociation constants for HCN in dilute 
and concentrated solutions. 

2. kxperiments are given to show the inadequacy of any simple the- 
oretical analysis to predict the conditions required in experimental as- 
semblies to prevent alteration of the cyanide concentration in the media. 

3. The necessity is emphasized for the control determination of cyanide 
in all cases in which its concentration must be known accurately under 
conditions of the Warburg technique. 
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THE ISOLATION OF PREPARATIONS OF THROMBOPLASTIC 
PROTEIN FROM HUMAN ORGANS* 


By ERWIN CHARGAFF 


(From the Department of Biochemistry, College of Physicians and Surgeons, 
Columbia University, New York) 


(Received for publication, August 28, 1945) 


Publications from this laboratory have, during the past few years, 
drawn attention to the isolation from beef lungs of an extremely potent 
activator of blood clotting, the thromboplastic protein, and to the chemical 
and physical properties of this substance. This work was summarized 
a short time ago (1). It has recently been shown that practically all the 
thromboplastic activity of the tissue is localized in this presumably cyto- 
plasmic fraction which is a lipoprotein, containing pentose nucleic acid, 
of a very high particle weight; the other tissue proteins and the cell nuclei 
are devoid of activity (2). The properties of similar fractions from other 
organs and other animal species remain, however, to be determined. 

Because of their possible application in the treatment of hemophilia and 
related diseases, an orienting study of highly purified preparations of the 
thromboplastic protein of human origin appeared of interest. The organs 
examined were the placenta and, for purposes of comparison ‘with previous 
work, the lungs. The methods of isolation and assay followed the proce- 
dures presented previously (2-4). 

The strong thromboplastic activity of placenta extracts has long beén 

known (5, 6). Attempts at the therapeutic application of such prepara- 
tions are of more recent date (7, 8). Normal human lungs appear to have 
been rarely investigated, although a thromboplastically active extract 
has been obtained from the lungs of a hemophiliac (9). 
. * The preparations from placenta and human lungs were, like the thrombo- 
plastic protein of beef lungs, electrophoretically homogeneous lipoproteins 
of very high particle weight. Their thromboplastic activity was con- 
siderable, although not quite as impressive as that of the comparable 
preparations from beef lungs. The activity was confined to one tissue 
fraction; the soluble tissue proteins and the coarse tissue particles were, 
in confirmation of previous findings (2), practically inactive. 

All of the thromboplastic protein preparations examined in detail, 
namely the substances isolated from human and beef lungs and from 


*This work has been supported by a grant from the John and Mary R. Markle 
Foundation. This is Paper XX of a series of studies on the chemistry of blood 
coagulation. 
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placenta, have one property in common: they are lipoproteins of a very 
high particle weight. Apart from this, however, very little can be said 
definitely with respect to their similarities and dissimilarities. The prep- 
aration from placenta appears to be less stable than the lung preparations 
and has a lower electrophoretic mobility. It is not yet possible to state 
whether one is dealing here with a family of conjugated proteins having 
the same active grouping in common; the nature and the function of such 
a grouping would be purely conjectural. 


EXPERIMENTAL 


Human Placenta—The fresh tissue’ was cleaned, stripped of the mem- 
brane, cut into small pieces, and washed with cold water. The material 
(618 gm.) was gradually added to a mixture of 350 ec. of 0.29 mM sodium 
chloride solution and 350 gm. of crushed ice that rotated in a high speed 
mixer. The supernatant resulting from the centrifugation of the mixture 
at 4000 r.p.m. (1900 g) for 30 minutes was fractionated by the methods 
described previously (2-4). Data on the various fractions will be found 
in Table I. The coarse lipoprotein aggregates (Fraction P-1), sedimented 
at 5000 g for 30 minutes, consisted of almost white voluminous flakes; 
the thromboplastic protein (Fraction P-2), sedimented at 31,000 g for 
120 minutes, was a white light felt.2_ The soluble tissue proteins (Fraction 
P-3), isolated as described recently (2), formed dark pink flakes.* The 
reaction for acetal phosphatides was positive in Fractions P-1 and P-2, 
All fractions appeared to be free from desoxypentose nucleic acid and 
gave no metachromatic reaction with toluidine blue. 

Human Lungs—The extraction of the tissue (630 gm.)* and the frae- 
tionation of the extract were carried out in the usual manner. The proper- 
ties of the compounds are summarized in Table I which also contains 
data on similar fractions from beef lungs. Fraction L-1 consisted of 
a black powder,’ Fraction L-2 of a light gray felt, Fraction L-3 of pink 


1 We are greatly indebted to Dr. S. Graff for this material. 

? This preparation was not monodisperse in the ultracentrifuge. The main com- 
ponent had a sedimentation constant 82. = 270 Svedberg units (in borate buffer of 
pH 8.4). We are very grateful to Dr. D. H. Moore for this determination, as well 
as for the performance of the electrophoresis experiments. 

3A small protein portion (comparable to Fraction 3a in Table IT (2)), 0.22 gm. per 
kilo of tissue, separated during the dialysis. It contained N 13.3, P 0.2 per cent 
and had no thromboplastic activity. 

4We wish to thank Dr. E. E. Sproul for this specimen. 

5 It is well known that the lungs of adults, especially of city dwellers, are contam- 
inated with inhaled carbon particles. The fact that all sedimentable protein frac- 
tions from human lungs, including the thromboplastic protein, were gray or black 
indicates the presence in lungs of carbon particles of a variety of sizes, even down to 
the submicroscopic dimensions of the tissue particles (of a diameter of 100 my and 
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flakes. The results of the various color reactions were identical with 
those obtained with the comparable fractions from placenta. 

Extraction of Lipids—The thromboplastic protein preparations were 
suspended in a mixture of equal parts of absolute aleohol and peroxide-free 


Taste 
Thromboplastic Protein Preparations 


 Viela | | Electrophoresis* 
No. | | tissue | | Buffer pH gy 
| em. | | u X 16 
Human pla- = Coarse lipo- 0.74. 9.2 1.1 
centa protein | 
aggregates | | 
Thrombo- | 1.08 8.7 1.4. Borate 8.2) —5.8 
plastic | | | | 
protein | | | 
P-3 Soluble 19.4 14.7 | Phos- 7.4) —1.1, —3.2, 
proteins phate | -—3.7, —5.2, 
| | | 
Human lungs | Coarse lipo- 0.80) 6.8 0.9 | 
| protein | | | 
aggregates | | | | 
| Thrombo- | 0.95 6.5.1.3 Borate 8.2) —7.1 
plastic | 
protein | | 
L-3 | Soluble 22.8 13.9 0 | Phos- 7.4) —0.8, —2.5, 
- proteins | phate —3.2, —4.2, 
| | | | —65.4 
Beef lungs i 1 | Coarse lipo- 0.73 | 7.0 '2.0. 
| protein | | | 
| aggregates | | 
| 2  Thrombo- 0.63f 7.7f1.5t Borate 8.5 —8.3 
| plastic | | 
| 
| ‘protein | | 
3b Soluble 10.3 15.0 0.2) 8.4, —1.4, —3.7, 
| proteins | | | —5.3,—9.0 


*In preparations in which more than one component was observed, the main 
components are in bold-faced type. 

t These figures represent the average of ten individual preparations. The yields 
are subject to considerable fluctuation. 


ether (25 cc. of the solvent mixture per 100 mg. of substance) and heated 
under a reflux for 24 hours in an atmosphere of nitrogen. The extraction 
residues were collected by centrifugation, washed repeatedly with alcohol- 
ether (1:1) and with ether, and dried to constant weight in vacuo over 
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P,O;. The crude lipids, recovered by evaporation and drying in vacuo 
of the supernatants and washings, were dissolved in ether and the turbid 
solutions were twice shaken with a 10 per cent sodium chloride solution. 
The aqueous layers were washed with ether in the centrifuge. The com- 
bined ethereal solutions were dried over anhydrous sodium sulfate and evap- 
orated in vacuo. Solutions of the residues in chloroform were again clarified 
with NasSQO, and the purified lipids were recovered from the filtrates. 
The extraction experiments are summarized in Table II. For com- 
“ parison, results obtained with the thromboplastic protein from beef lungs 
(4) are included. 


LOG v4 ACTIVATOR 


at 


Fic. 1. Coagulation of normal human plasma (obtained by high speed centrifuga- 
tion) by thromboplastic protein preparations of human origin. Curve I, Fraction 
L-2 from lungs; Curve II, Fraction P-2 from placenta; Curve III, Fraction P-2 from 
placenta after 5 weeks storage; Curve IV, thromboplastic protein from beef lungs 
(2). In the expression 1000/t, plotted as the abscissa, ¢t corresponds to the clotting 
time in seconds. 


Thromboplastic Activity—The assays were carried out by the method 
recently described on normal human plasma (obtained by high speed 
centrifugation) as the substrate (2). The activities of the thromboplastic 
protein preparations from human lungs and placenta are represented in 
Fig. 1. It will be observed that the placenta preparation (Fraction P-2), 
stored in the dry state in the refrigerator for 5 weeks, showed a considerable 
diminution of activity, in contrast to the thromboplastic protein from 
beef lungs which was used as the standard. It may be mentioned that 
the straight lines representing the activities of the preparations from human 


+ 2 
4 . 4 
P a 
| 
| vf 
| a 
4 
| a 
a ; 
“a 
6 8 10 12 \4 16 18 20 22 264 260 «628 
1000/, seconds 


a 


= 


394 THROMBOPLASTIC PROTEIN 


organs (Curves I, II, III, Fig. 1) differed in slope from those obtained with 
the beef lung fractions (Curve IV). Whether this is significant cannot 
be said. 

Of the other substances examined Fraction P-1 had a slight activity; 
Fractions P-3, L-1, and L-3 were completely inactive.‘ 


The author is very grateful to Miss Helen Fabricant for technical as- 


sistance. 


SUMMARY 


Highly active thromboplastic protein fractions were isolated from human 
lungs and placenta. Some of the properties of these substances, which 
are lipoproteins of a very high particle weight, are discussed. Other 
tissue fractions examined were devoid of thromboplastic activity. 
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6Fraction L-3, when tested previous to dialysis, was very slightly active. 


| 
4 
£ pe 
Fi 
M 
Al 
St 
toc 
Cy 


STUDIES ON THE LIBERATION OF COMPOUNDS IN THE 
FOLIC ACID GROUP* 


By T. D. LUCKEY, G. M. BRIGGS, Jr.,t P. Ro MOORE, C. A. ELVEHJEM, 
anv Ek. B. HART 


(From the Department of Biochemistry, College of Agriculture, University of Wisconsin, 
Madison) 


(Received for publication, August 4, 1945) 


The apparent ‘folic acid’ activity of a food material is dependent upon 
its content of any one, or a combination, of several compounds (vitamin 
B, (4) or the liver Lactobacillus casei factor (5), the yeast L. casei factor (5), 
the third L. casei factor (6), SLR factor (7), and thymine (1, 8)) and the 
treatment the material has undergone previous to assay. Bound forms of 
these compounds have been recognized repeatedly since the early work of 
Hutchings, Bohonos, and Peterson (9), who suggested that the norit eluate 
factor (another name for L. casei factor) was generally found associated 
with proteins. 

After taka-diastase digestion was shown to be a good method for liberat- 
ing bound ‘folie acid’? by Cheldelin et al. (10), we used this procedure to 
help distinguish ‘‘folic acid” from vitamins B;y) and By. We had previously 
used dilute ammonia under pressure to hydrolyze any ester of ‘‘folic acid”’ 
which might have been formed during alcohol separation procedures (11). 
Recently we showed that treatment with dilute acid or base increased the 
apparent ‘‘folic acid”’ content of certain materials (12); Binkley et al. (13) 
have used a specific enzyme to liberate vitamin B, from its conjugate in 
yeast and the Arkansas workers have used purified enzyme preparations to 
determine ‘‘preformed” and “‘potential’’ ‘folic acid’ (14, 15). Stokes has 
shown_that 0.05 n HCl and 0.05 n NaOH liberate a “thymine-like com- 
pound”’ from bacterial cells (16). 


* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station. Supported in part by grants from the Wisconsin Alumni Research 
Foundation and Swift and Company. 

We wish to thank Parke, Davis and Company, Detroit, Michigan, for vitamin b-,; 
Merck and Company, Inc., Rahway, New Jersey, for crystalline vitamins; Miss 
Anita Ziegenhagen and Mrs. Lillian Alberty for technical assistance. 

t Present address, Department of Poultry Husbandry, University of Maryland, 
College Park, Maryland. 

1“Folic acid”’ is a term used to designate a substance necessary for the growth of 
Streptococcus faecalis R or Lactobacillus casei on certain defined media (1,2). (Strep- 
lococcus faecalis R was previously called Streptococcus lactis R (3), American Type 
Culture Collection, No. 8043.) 
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Since the ‘‘folic acid” content of various materials is of particular interest 
to us in our attempt to evaluate this group of compounds in chick nutrition, 
we undertook further studies to determine the best method for liberating 
these active compounds. 


EXPERIMENTAL 


The assay methods with Streptococcus faecalis R and Lactobacillus casei 
are those reported previously (1) with the exception that the incubation 


TABLE I 
“Folic Acid’’-Deficient Media for Streptococcus faecalis and Lactobacillus casei 


Amount per 10 tubes 
Constituent 

S. faecalis L. casei 
Casein 0.5 0.5 
Speakman’s Salts B (17).......................... 0.5 ml. 
Thiamine | 20 20 
p-Aminobenzoic 
50s mil. | 50 mil. 


* When /-tryptophane is unavailable, twice this amount of dl-tryptophane is used. 

t Autoclaving this large amount of pyridoxine in the media gives adequate 
amounts of pseudopyridoxine. Since pyridoxal and pyridoxamine are becoming 
available (Merck and Company, Inc.), we now use 0.2 y of pyridoxamine per ten 
tubes. 


period was generally extended to 20 hours as a matter of convenience. The 
composition of the media employed is given in Table I. Turbidimetric 
methods were used for clear samples and pH curves were run in the case of 
turbid samples. The final activity in all cases is reported as micrograms 
of vitamin B, (a standard having a potency of 80,000); this does not imply 
that all the activity in the sample was due to vitamin B,. Each value re- 
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ported is the average of the results of one to ten separate assays, each 
consisting of four tubes containing graded levels of the sample. 


Procedures 


Cellular samples were homogenized in the Waring blendor for 5 minutes 
before being treated. 

Taka-diastase Treatment (Adapled from Method of Cheldelin et al. (10))— 
20 mg. of taka-diastase in 1 ml. of 1 per cent sodium acetate buffer were 
added to 1 gm. of sample in 8 ml. of buffer at pH 4.5 to 4.7 and incubated 
under toluene for 24 hours at 37°. The solution was then neutralized and 
assayed directly. 

Treatment with Laskowski Enzyme Obtained from Chicken Pancreas— 
This procedure is based on the recommendations of M. Laskowski (private 
communication). 1 unit* of enzyme was added to 20 ml. of a solution con- 
taining either 100 mg. of a crude material or 20 mg. of a concentrate and 
incubated at pH 8 (no buffer) for 24 hours at 37° under toluene. The solu- 
tion was assayed directly. 

Treatment with Other Enzymes—0.15 mg. of the enzyme to be studied was 
added to 3 mg. of liver preparation, No. 214H (12) (equivalent to 5 gm. of 
starting material), in 25 ml. of 1 per cent buffer solution and incubated 
under toluene at 37° for 24 hours. The solution was then neutralized, 
autoclaved 15 minutes at 15 pounds pressure, and assayed. 

Acid H ydrolysis—100 mg. of a concentrate or 1 gm. of a natural material 
was autoclaved in 20 ml. of 1 per cent acetate (sodium) buffer (pH 4.0) for 
12 hours at 15 pounds pressure, neutralized, and assayed. 

Alkaline Hydrolysis—100 mg. of a concentrate or 1 gm. of a natural mate- 
nial was autoclaved in 20 ml. of either 2 N base for 30 minutes or 0.1 N potas- 
sium hydroxide for 1 hour. The solution was then neutralized and assayed. 

Autolysis —100 mg. of sample were placed in 20 ml. of water and incu- 
bated under toluene for 24 hours at 37°. 


Results 


A preliminary report (12) on studies with liver Preparation 214H and 
yeast indicated that treatment with mild acid (pH 3 or 4) or base (2 N) gave 
the greatest increase in “folic acid” activity. Taka-diastase hydrolysis 
(pH 4.5) produced no greater increase in the apparent vitamin B, content 
than the same treatment without taka-diastase. 

Preparation 214H was treated with many available enzymes and the 


?1 unit is that amount of enzyme which will produce the equivalent of 0.5 y of 
vitamin B, (potency 80,000) per hour for 4 hours when incubated in 11 ml. at 37° with 
200 mg. of Difco yeast extract (15). 
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results (Table 11) indicate that none of them gave a value higher than that 
obtained after acid hydrolysis. 

Further study showed that heat (Fig. 1, 4) aids greatly in the non- 
enzymatic liberation of compounds in the folic acid group. Temperatures 
higher than 122° were not tried, since they seemed impractical. The lower 
values obtained with concentrations of sodium hydroxide above 1 N (Fig. 
1, B) may be due to specific destruction by sodium ions or possibly a toxicity 
to the bacteria. This effect is not noted with the concentrations of potas- 
sium hydroxide used. 


Il 


Effect of Enzyme Treatment on Apparent Vitamin B, Content of Liver 
Preparation 214H* 


| | Vitamin Be, per gm. 
Treatment pH Buffer Strepto- 

bacillus 

faecalis casei 

7 

1 “None 0.06 0.30 
2 Autoclaving, 12 hrs. 4.0 Acetate 0.63 0.80 
3 Clarase 4.7 es 0.15 0.25 
4 Papain 5.0 0.07 0.23 
5 Pepsin 2.1 Chloride — «0.18 0.45 
6 Mylase P 4.9 Acetate —«0..06 0.25 
7 Pancreatin 8.2 Carbonate 0.06 §—-0.17 
8 Ficin 5.0 Acetate 0.08 0.18 
9 5-Nucleotidase + hyaluronidaset, 7.0 Phosphate 0.08 | 0.30 


* For the procedure see ‘‘Treatment with other enzymes.”’ 
t Obtained from horse semen through the cooperation of Dr. H. A. Lardy. 


When the non-enzymatic liberation of activity was studied with respect 
to time (Fig. 1, C), it was found that autoclaving at pH 2 soon caused more 
destruction than liberation, while autoclaving at pH 3 for | to 6 hours gave 
acceptable results and pH 4 for 6 hours appeared to be the best method. 
Autoclaving the sample in 2 N base fof half an hour gave high values; longer 
periods were not effective. Again it was noted that sodium hydroxide was 
less desirable than potassium hydroxide. | 

Further studies of the effect of time on the liberation of activity by auto- 
claving a vitamin By and B,, concentrate (Fig. 1, D) and Difco yeast ex- 
tract (Fig. 1, £) indicated that autoclaving at pH 4 for 12 hours gave excel- 
lent results. Various other alkaline treatments gave values lower than 
those indicated. Consequently autoclaving at pH 4 for 12 hours was used 
routinely on more than 50 liver preparations. It is of interest to note that 
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Fic. 1. Studies on the non-enzymatic liberation of vitamin B, activity from liver 
preparations and Difco yeast extract. A, effect of temperature on the response of 


Streptococcus faecalis to Preparation 214H treated at pH 3 for 4 hours; B, effect of 


{H*] on its response after autoclaving 4 hours at 122°; C, effect of time on its response 
after autoclaving at 122°; D, effect of time on the response of S. faecalis to Preparation 


215 after autoclaving at 122°; E, effect of time on the response of S. faecalis to Difco 


yeast extract after autoclaving at 122°; F, effect of concentration on the response 
measured after autoclaving at 122° for 12 hours at pI 4. 
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|| Preparation 255A is the acid (pH 3)-alcohol (90 per cent) filtrate of Preparation 249E (18). 
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values with Lactobacillus caset were consistently higher than those with 
Streptococcus faecalis, although the values for acid-treated liver preparations 
showed a greater increase above their original value in the case of S. faecalis 
than in the case of L. casei. In fact more values decreased than increased 
for L. caset, while 60 per cent of the S. faecalis values increased more than 
2 times. 

The concentration of dry matter in the acid hydrolysis mixture was found 
to be of significance for values obtained with both Streptococcus faecalis and 
Lactobacillus casei (Fig. 1, F). The optimum concentration for Difco yeast 
extract appears to be around 10 to 100 mg. per 20 ml. 

Through the courtesy of M. Laskowski we were able to test one of his 
enzyme preparations. When the results obtained with this enzyme were 
compared with results of other treatments, it was found (Table III) that 
the Laskowski enzyme gave higher values for some materials (see Samples 


TABLE 
Variation in Assay of Difco Yeast Extract 
Vitamin B, content 
Treatment 
No. of assays 
y per gm. | y per gm. 

pH 3, 4hrs., autoclaved................... | 14-88 23-140 3 
Laskowski enzyme, 24 hrs........:......... | 81-90 41-145 5 


8 and 14), while acid treatment gave higher values for others (Samples 6, 
15, and 16). Other materials gave no increase with either acid or enzyme 
(Samples 9 and 10). It is of considerable interest to note that the third 
Lactobacillus casei factor gave an increase in activity upon acid hydrolysis. 
This result substantiates the report of Day et al. (19). The data also indicate 
that treatment with 0.1 N potassium hydroxide gave poor results in most 
cases and 2 N potassium hydroxide treatment was not a good general pro- 
cedure. Autolysis worked well for samples such as fresh liver, but poorly 
for yeast extract or ham. Combinations of various treatments, such as 
acid or base preceded or followed with enzyme treatment, gave lower results 
than a single treatment. 3 

Although Difco yeast extract is an excellent source of potential vitamin 
B, activity, values obtained with it by various treatments (particularly the 
Lactobacillus casei values) are so variable that its vitamin B, content is 
dificult to determine (Table IV). This may be due to a delicate balance 
between liberation and destruction. 
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Incubation of a sample of Anheuser-Busch yeast with xanthopterin, 
according to the method of Wright and Welch (20), gave no higher values 
than incubation of the yeast without the xanthopterin. The increase ob- 
served may be attributed to the dilute acid (pH 4.5) used. Therefore, 
conclusions drawn from uncontrolled experiments showing the conversion 
of xanthopterin to “folic acid’”’ (21, 22) are open to question. Wright et al. 
have recently shown (23) that xanthopterin or large amounts of neutral 
salts added to rat liver during incubation cause a definite increase in the 
“folic acid” content. This effect was attributed to a protective action 
against the destruction of “folic acid” after its liberation. 


DISCUSSION 


Although preliminary studies indicated that taka-diastase treatment was 
of little value for liberating compounds in the folic acid group from such 
materials as yeast, liver fraction L, or certain preparations made from them, 
later work indicates that taka-diastase treatment is generally superior to 
other methods of liberation for samples such as meat, grains, fruit, or vege- 
tables. Kvidently samples of veast or liver require special treatment in 
order to determine the maximum apparent vitamin B, content. The faet 
that different treatments are required to give maximum values for different 
materials may indicate that the compounds in the folic acid group are bound 
in natural materials by different chemical unions. However, since dilute 
acid, dilute base, 2 N base, or taka-diastase all gave some liberation of 
“folic acid” activity, it seems probable that most of the liberation is due to 
hydrolysis. 

Since the standard erystalline vitamin B, was found to undergo some 
destruction when autoclaved in dilute acid or base for 4 or 12 hours, the 
methods used here probably determine the optimum balance between 
liberation and destruction. Thus it is seen that hydrolysis at pH 3 or in2 
N base gave decreasing values after a certain time limit. It was also shown 
that liberation at pH 2 was impractical, probably because more destruction 
then liberation occurred, and pH 5 or pH 6 did not give conditions drastic 
enough for maximum liberation of the activity. 

It was assumed that these methods involve only a liberation of bound 
forms of compounds in the folic acid group. That this is not entirely true 
may be seen from the increased activity obtained with crystalline third 
Lactobacillus casei factor; thus it is possible that one compound in the group 
may be changed into another more active compound. 


SUMMARY 


No one method can be prescribed to attain maximum “folie acid” 
values in all types of materials. Taka-diastase digestion gives maximum 
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The Laskowski enzyme, prepared from chicken 


pancreas (15), works well on certain materials such as Difco yeast extract. 
Autoclaving at pIl 4 for 12 hours under 15 pounds pressure gives the highest 
“folic acid’’ values for certain liver preparations. 
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THE MICROBIOLOGICAL ACTIVITY OF dl-OXYBIOTIN AND 
RELATED COMPOUNDS* 


Br THEODORE WINNICK, KLAUS HOFMANN, FRANCIS J. PILGRIM, 
anno A. E. AXELROD 
(From the Department of Chemistry, University of Pittsburgh, and the Institute of 
Pathology, Western Pennsylvania Hospital, Pittsburgh) 


(Received for publication, August 18, 1945) 


Preliminary studies on the biological activity of dl-oxybiotin (1) for 
microorganisms (1) and for higher animals (2) have been described recently. 
During the course of the oxybiotin synthesis (3, 4), a number of closely 
related compounds, such as dl-cis-3 ,4-diamino-2-tetrahydrofuranvaleric 
acid (II), di-hexahydro-2-oxo-1-furo-(3 ,4)-imidazole-4-pentanol (III), and 
dl-hexahydro-2-oxo-4-methyl-1-furo-(3 ,4)-imidazole (IV), were prepared. 


co 
HN NH NH, 
HC—-—CH 
j i 
H,C H.C 
(1) ab 
CO C 
Pm 
HiN NH 
HC—-—-CH 
H.C CH—(CH,),—-CH,OH CH—CH, 
Yeu 
O 
(IV) 


The present communication describes in detail the microbiological activity 
of dl-oxybiotin and compounds (II), (IIL), and (1V) for a number of differ- 
ent organisms. In addition, a study of the ability of avidin to combine 
with these substances is presented. 


*The authors wish to express their appreciation to the Buhl Foundation and to 
Hoffmann-La Roche, Inc., for their generous support of this study. 
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Methods and Materials 


The ability of dl-oxybiotin and the compounds mentioned above to 
replace biotin as a growth factor for the following microorganisms was 
determined: Lactobacillus arabinosus (5), Lactobacillus casei, Rhizobium 
trifolii (6), and Saccharomyces cerevisiae (7). For the studies with Laeto- 
bacillus casei, the medium of Wright and Skeggs (5) was used, with the 
addition of 5 y of folic acid and 0.1 gm. of asparagine per liter of medium, 
The folic acid was furnished as a concentrate prepared from liver fraction 
L (Wilson) by the method of Hutchings et al. (8), and was determined by 
the procedure of Teply and Elvehjem (9), with a vitamin Bh, reference 
standard. 

The avidin used in these studies was a crude concentrate. Solutions 
of the avidin were assayed with pure biotin and their activity expressed 
in avidin units (10). 1 avidin unit represents the amount of avidin which 
inhibits 1 y of biotin. In the inhibition experiments, the amount of avidin 
required completely to inhibit a quantity of growth factor, employed at 
the level of half maximum growth, was determined. 

The activities of the various compounds tested were compared on a 


weight basis. 
Results 


A comparison of the growth-promoting activities of d-biotin and dl- 
oxybiotin for Lactobacillus arabinosus and Saccharomyces cerevisiae is 
given in Table I. It is seen that the activity of dl-oxybiotin is one-half 
that of d-biotin for L. arabinosus. With this organism, the growth curves 
for the two compounds have identical shapes, and half maximum growth 
is attained with 0.4 millimicrogram of d-biotin and 0.8 millimicrogram of 
dl-oxybiotin. The activity of dl-oxybiotin for L. casei is approximately 
80 per cent that for L. arabinosus; 1.0 millimicrogram gives half maximum 
and 5.0 millimicrograms give maximum growth. 

In the case of Saccharomyces cerevisiae (Fig. 1), the growth curves with 
d-biotin and dl-oxybiotin have somewhat different shapes. Half maximum 
growth is obtained with approximately 0.84 millimicrogram of dl-oxybiotin 
and 0.21 millimicrogram of d-biotin. However, in order to obtain maxi- 
mum growth, 50 millimicrograms of d/-oxybiotin and only 5 millimicrograms 
of d-biotin are required. Thus, the relative activities differ considerably 
for different portions of the growth curves. 

dl-Oxybiotin can replace biotin as a growth factor for Rhizobium trifolt. 
Half maximum growth is obtained with 0.09 millimicrogram of d-biotin 
and 0.75 millimicrogram of dl-oxybiotin. As in the case of Saccharomyces 
cerevisiae the growth curves for the two compounds have different shapes, 
and approximately 80 times more dl-oxybiotin than d-biotin are required 
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Taste I 
Comparison of Actir ities of Ozybiotin and Mts Derivatives with That of Biotin 


- 


Half maximum | Maximum growth 


growth 
Test organiem Compound tested 
Amount Amount | 
millions millimé- 
cregrams | cregrams 
Lactobacillus d-Biotin 0.4) 100 | 2.0| 100 
arabinosus dl-Oxy biotin O8 4.0 
cis-3,4-Diamino-2-tetrahydro- | | 
furanvaleric acid (11) 4000 0.01/20, 000 0.01 
Hexahydro-2-oxo-l-furo-(3,4)- 
imidazole-4-pentanol (II1) «300 0.13) 1,500 0.13 
Saccharomyces d- Biotin 0.20) 100 5 | 100 
cererisiar dl-Oxy biotin 2 10 
| methyl ester 16 | 10 
cia-3,4-Diamino-2-tetrahydro- | | 
furanvaleric acid (II) 55 0.35, 1,000 0.5 
| | 
imidazole-4-pentanol (III) 280) | 0.07)15,000 | 0.08 
¢-BIOTIN 


G2 04 © wW2es45 0 H 
MILLIMICROGRAMS 


GROWTH FACTOR 


Fic. 1. Growth-promoting activities of d-biotin and dl-oxybiotin for Sac- 
charomyces cereriaiae. 
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408 ACTIVITY OF OXYBIOTIN 


for maximum growth (7.e., 1.0 millimicrogram of d-biotin and 80 milli- 
micrograms of dl-oxybiotin). 

The growth-stimulating activity of several oxybiotin derivatives hag 
been determined, and the results are summarized in Table I. 

The results of inhibition experiments with avidin are given in Table IT, 


TABLE II 
Inhibition of Oxybiotin Derivatives by Avidin 


| _ Avidin required to 
inactivate 1 y growth 


Compound _ factor for Seccharomyces 
cerevisiae 
| units 

(IIT) 1.4 
cis-3 ,4-Diamino-2-tetrahydrofuranvaleric acid (IT).. t 


— 


* By definition (reference activity). 
+t Not inhibited significantly by 100 units of avidin. 


DISCUSSION 


For Lactobacillus arabinosus the growth-promoting activity of dl-oxy- 
biotin at half maximum growth is 50 per cent that of d-biotin: for Lacto- 
bacillus casei, 40; for Saccharomyces cerevisiae, 25; and for Rhizobium trifolii, 
15 per cent. 

It is a significant observation that the biological activity of biotin is 
only slightly affected by the substitution of oxygen for sulfur. There are 
two possible explanations for this behavior. Either the oxybiotin is active 
as such, or it is transformed into biotin by the organisms. Experiments 
reported in another paper (11) show that Saccharomyces ccrevisiae and 
Rhizobium trifolit do not transform oxybiotin into biotin, and that oxy- 
biotin possesses intrinsic biological activity. The sulfur atom therefore 
does not seem to be essential for the growth-promoting activity of the 
biotin molecule. 

In the case of biotin, it has been established (12) that only one of the 
optical isomers, namely the d form, exhibits biological activity. It seems 
very probable that a similar situation exists in the case of oxybiotin. Ae- 
cordingly, the activities given for the di form of oxybiotin would represent 
the potency of only one of the enantiomorphs. For example, in the ex- 
periments with Lactobacillus arabinosus, the active form of oxybiotin would 
have biological activity equal to that of d-biotin. The resolution of dl- 
oxybiotin into its optical forms will provide the final confirmation of the 
above statements. 
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The importance of the carboxyl group for the biological activity is shown 
by the fact that hexahydro-2-oxo-1-furo-(3 ,4)-imidazole-4-pentanol (III), 
a derivative in which the carboxy! group of oxybiotin is replaced by a primary 
alcohol group, has only about 1/300 the activity of oxybiotin for both Sac- 
charomyces cerevisiae and Lactobacillus aralinosus. 

Whereas the methyl! ester of biotin has the same yeast growth activity 
as biotin itself, the methy! ester of oxybiotin has only about 65 per cent the 
potency of the parent substance. In this connection it may be mentioned 
that hexahydro-2-oxo-4-methyl-1-furo-(3 ,4)-imidazole (1V), in which the 
valeric acid side chain of oxybiotin is replaced by a methyl group, has only 
about one-millionth the activity of d-biotin for Saccharomyces cerevisiae, 
Lactobacillus arabinosus, and Lactobacillus casei. 

It has been shown that 3,4-diamino-2-tetrahydrothiophenevaleric acid. 
the substance resulting from the hydrolysis of the urea ring of biotin, 
possesses approximately 10 per cent of the activity of biotin for Saccharo- 
myces cerevisiae (13). It is of interest that the analogous 3,4-diamino- 
2-tetrahydrofuranvaleric acid (11) derived from dl-oxybiotin is only about 
1.5 per cent as active as dl-oxybiotin. For Lactobacillus arabinosus the 
activity of this compound is only 0.02 per cent that of dl-oxybiotin. 

Oxybiotin and its methy! ester are inhibited by avidin. It is of interest 
that the pentanol derivative (111) is also inhibited by avidin. This ob- 
servation suggests that the carboxy! group is not involved in the combina- 
tion with avidin. 

In agreement with the findings for biotin derivatives (13), the diamino- 
carboxylic acid (11) obtained by the hydrolysis of the urea ring of oxybiotin 
is not inhibited by avidin. 

It has been established that the combination of biotin or its methyl 
ester with avidin is stoichiometric. A similar relationship has been found 
for oxybiotin and its methylester. Table II indicates that, with compounds 
of widely varying activities, approximately 1 unit of avidin is required to 
inactivate 1 y of growth substance. Thus, the pentanol derivative (III), 
with 1/1200 the activity of d-biotin, requires approximately 1700 times 
as much avidin for complete inhibition, at the level of half maximum 
growth. 

The results in Table II make it appear likely that both the d and / forms 
of oxybiotin and its derivatives combine with avidin. If only one optical 
form were capable of combination, only half of the observed amounts of 

avidin would have been required. 


We wish to thank Dr. J. A. Aeschlimann of Hoffmann-La Roche, Inc., 
for the avidin, Dr. D. Klein of The Wilson Laboratories for the liver fraction 
L, Parke, Davis and Company for the vitamin B, reference standard, and 
Merck and Company, Inc., for synthetic vitamins. 
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1. The activity of dl-oxybiotin compared to that of d-biotin at half 
maximum growth and expressed on a percentage basis is Lactobacillus 
arabinosus 50, Lactobacillus casei 40, Saccharomyces cerevisiae 25, and 
Rhizobium trifolia 15 per cent, respectively. 

2. The hydrolysis of the urea ring in oxybiotin results in almost complete 
inactivation for Saccharomyces cerevisiae and Lactobacillus arabinosus, 
Replacement of the carboxyl group in oxybiotin by a primary alcohol 
group decreases the activity for these two organisms to 1/300 that of the 
parent substance. 

3. Inhibition experiments with avidin demonstrate that oxybiotin, 
its methyl! ester, and its pentanol derivative all combine with avidin in 
approximately the same molecular proportions as does biotin. The diamino 
derivative of oxybiotin is not inhibited by avidin. 
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LETTERS TO THE EDITORS 


INCORPORATION OF ACETATE CARBON INTO RAT LIVER 
GLYCOGEN BY PATHWAYS OTHER THAN 
CARBON DIOXIDE FIXATION* 


Sirs: 


This communication presents direct evidence that the intact mammal 
ean incorporate acetate carbon into liver glycogen by pathways other than 
fixation. 

It has been reported that C' entering rat liver glycogen by CO, fixation 
could be detected only in positions 3 and 4 of the glucose molecule,’ and 
that the C™ of carboxyl-labeled acetate, likewise, could be detected only 
in these positions.* Subsequent experiments have shown that these are 
also the only positions in which excess isotope appears in rat liver glycogen 
after feeding carboxyl-labeled propionate and butyrate.’ By the position 
of the labeled carbon, therefore, it is impossible to exclude CO, fixation as 
the pathway of conversion of these fatty acids to glycogen. 

Buchanan cf al.’ from similar experiments, using acetate, propionate, 
and butvrate labeled with C" in the carboxyl groups, inferred that acetate 
carbon enters liver glycogen only via CO, fixation, but that an additional 
mechanism of conversion is involved in the cases of propionate and 
butyrate. 

Our own results with the carboxyl-labeled acids indicated, when allow- 
ance was made for CO, fixation, that not only the propionate and butyrate 
enter glycogen in a form other than CO:, but also the acetate. The find- 
ings of Rittenberg and Bloch? in feeding experiments with carboxyl-labeled 


* Aided by grants from the Medical Research Fund of the Graduate School of 
the University of Minnesota, and the Rockefeller Foundation, Research in Biology 
and Medicine. 

‘Wood, H. G., Lifson, N., and Lorber, V., J. Biol. Chem., 169, 475 (1945). 

? Lifson, N., Lorber, V., and Wood, H. G., Federation Proc., 4, 47 1945). 

* Wood, H. G., Lifson, N., and Lorber, V., unpublished. 

‘ Buchanan, J. M., Hastings, A. B., and Nesbett, F. B., J. Biol. Chem., 180, 413 
(1943). 

*Rittenberg, D., and Bloch, K., J. Biol. Chem., 167, 749 (1945). 
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acetate, when similarly interpreted, are in harmony with our results with 
acetate. 

To investigate this last point directly, young male rats were fed by stom- 
ach tube 2.5 mm of isotopic acetate and 400 mg. of glucose per 100 gm. of 
body weight. The acetate contained 4.30 atom per cent excess C™ in each 
carbon atom. 2.5 hours later the animals were sacrificed and the liver 
glycogen isolated, hydrolyzed, and degraded.!' The bacterial degradation 
products showed the presence of 0.25 atom per cent excess C™ at positions 
3 + 4, 0.20 per cent at 2 + 5, and 0.14 per cent at 1 + 6. By chemical 
degradation, 0.29 per cent was found at position 3, 0.24 per cent at 6, and 
0.25 per cent at1+2+4+5. This contrasts with the distribution found 
when acetate labeled only in the carboxyl carbon had been fed: 0.10 to 0.14 
per cent at 3 + 4, 0.01 to 0.02 per cent at 2 + 5and1 + 6. 

These findings furnish direct evidence that some pathway other than CO, 
fixation must have been involved in the conversion of acetate to glycogen. 
That feeding large amounts of acetate may have provided routes over 
which CO, carbon could enter positions other than 3 and 4 in the glucose 
molecule is excluded by the experiments with carboxyl-labeled acetate, in 
which excess isotope was detected only in these positions. The positions 
in the glycogen of labeled carbon from both carboxyl and doubly labeled 
acetate are consistent with predictions from current metabolic schemes. 

The fact that a long chain fatty acid (myristic) can give rise to acetyl 
groups in the intact organism has been demonstrated.* It has further been 
found that acetate, by routes other than COQ, fixation, may enter amino 
acids which are considered to be in biological equilibrium with carbohydrate 
intermediates.° These findings, taken together with the present results, 
indicate that glycogen carbon can be derived from long chain fatty acid 
carbon without passing through the CO, stage. At least in this sense, 
fats can apparently be converted to carbohydrate in the intact mammal. 


Department of Physiology Vicror LORBER 
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* Bloch, K., and Rittenberg, D., J. Biol. Chem., 166, 243 (1944). 
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FATTY ACID OXIDATION AND THE KREBS 
TRICARBOXYLIC ACID CYCLE 


Sirs: 

The author has described a washed rat liver enzyme suspension which 
oxidizes fatty acids in the presence of adenosine triphosphate! On further 
study it has been found that these preparations oxidize octanoate to aceto- 
acetate according to the equation 


There is no endogenous oxidative activity. ‘The preparation also catalyzes 
the reactions of the Krebs cycle. However, in the presence of malonate 
and the absence of 4-carbon dicarboxylic acids, the oxidation of pyruvate 
proceeds according to the equation 


(2) 2CH;COCOOH + O, — CH;COCH,COOH + 2CO, + H,O 


When fumarate is oxidized simultaneously with either octanoate or pyru- 
vate in the presence of malonate, the yield of acetoacetate is greatly dimin- 
ished and citrate accumulates. Acetoacetate itself is completely inert, 
forming no citrate in the presence of fumarate. ‘The table shows a typical 
experiment. 

It must be concluded that an oxidation product of fumarate (probably 
oxalacetate) is capable of condensing with reactive fragments derived not 
only from pyruvate oxidation but also from fatty acid oxidation to form 
citrate. Furthermore, since it has been shown that octanoate oxidation . 
proceeds by loss of 2-carbon fragments, which may condense to form aceto- 
acetate,? the data indicate that both fatty acid oxidation and pyruvate 
oxidation may result in 2-carbon fragments, which may react with each 
other to form acetoacetate or with oxalacetate to form citrate, depending 
on the supply of oxalacetate. The Krebs cycle therefore offers an explana- 
tion for ‘‘antiketogenesis.”’ rf 

The formation of citrate in these preparations differs from that observed 
by Hunter and Leloir’ in kidney preparations, in that not acetoacetate but 
an acetoacetate precursor, probably a 2-carbon fragment, goes into the 
formation of citrate. 

It would appear from these considerations that there exists a generalized 
condensation reaction between specific 2-carbon fragments and oxalacetate 
to form citrate, of which the Krebs condensation (pyruvate + oxalace- 

1 Lehninger, A. L., J. Biol. Chem., in press. 


? Weinhouse, S., Medes, G., and Floyd, N. F., J. Biol. Chem., 165, 143 (1944). 
* Hunter, F. E., and Leloir, L. F., J. Biol. Chem., 169, 295 (1945). 
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tate — “‘citrate’’) and the Breusch condensation‘ (8-keto acid + oxalace- 
tate — ‘“‘citrate’’) are special cases, both acting through the formation of a 
2-carbon fragment from the substrate (as has been suggested by several 


Main compartment of Warburg vessel, 1.20 ml. of enzyme, 0.40 ml. of MgSO, 
(0.005 m),* 0.40 ml. of phosphate buffer, pI] 7.7 (0.003 1), 0.40 ml. of sodium malonate 
(0.01 um), 0.40 ml. of adenosine triphosphate (0.0028 m), and 0.80 ml. of H.O. Side 
arm, 0.20 ml. of H.O or octanoate (0.001 mM) or pyruvate (0.01 M) or acetoacetate 
(0.007 m) and 0.20 ml. of H.O or fumarate (0.01 m). Center well, KOH. Gas phase, 
air; temperature, 25°. Equilibration period, 3 minutes, followed by addition of 
substrates and closing of taps. Time, 28 minutes. 22.4 ¢.mm. = | micromole. 


— 


Substrate | Fumarate Oz uptake el f 

| c.mm. comm. 6mm. 
3. Octanoate. . | 216 +143 4.7 


* Figures in parentheses refer to the concentration of the component in the com- 
plete reaction medium. 


authors). This interpretation attaches a broader significance to the Krebs 
cycle, the source of fragments for oxidation being (a) pyruvate oxidation, 


- (b) fatty acid oxidation in the liver, and (c) acetoacetate oxidation in the 


extrahepatic tissues. 

Butyrate, crotonate, vinyl acetate, dl-6-hydroxybutyrate, aldol, and 
acetopyruvate are not intermediates in the formation of acetoacetate from 
octanoate nor are the following 2-carbon compounds (taken singly or in 
pairs): acetate, glycolate, glyoxylate, oxalate, acetaldehyde, ethanol, 
acetamide, glycine, acetyl phosphate, and acetyl pyrophosphate. Acetoin 
and diacetyl] are not involved in the formation of acetoacetate. The search 
for the reactive 2-carbon fragments involved in acetoacetate and citrate 
formation is being continued. 


Department of Physiological Chemistry L. LEHNINGER 
Medical School 
University of Wisconsin 
Madison 


Received for publication, September 10, 1945 


‘ Breusch, F. L., Science, 97, 490 (1943). 
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THE DETECTION OF ACTIVATED CARBOXYL GROUPS WITH 
HYDROXYLAMINE AS INTERCEPTOR* 


Sirs: 


Reliable tests for the formation of acyl phosphates in animal tissues 
had been frustrated until now by the presence of a powerful acyl phos- 
phatase.' We have observed that the recently described fast reaction with 
hydroxylamine? may be used to trap acyl phosphate by immediate con- 
version into hydroxamic acid. The hydroxamic acid is eventually deter- 
mined colorimetrically as described. The maximum absorption of the 
iron compound was at 500 my, in agreement with the earlier described 
maximum of the iron compound of acethydroxamie acid. 

When extracts of fresh or acetone-dried pigeon liver were incubated with 
mixtures of acetate and adenyl pyrophosphate, considerable amounts of 
hydroxamic acid were formed, as shown in the experiment given in Table I. 
It indicates the transfer in liver tissue of phosphate from adenyl pyro- 
phosphate to the carboxyl group of acetate. A high affinity of the enzyme 
for acetate is indicated by occurrence of appreciable phosphorylation at 
0.001 mM acetate concentration. The reaction was best observed with 
pigeon liver preparations. Rat liver extracts did not so far give convineing 
results. 

With the relatively low concentration of hydroxylamine used in the above 
experiment, acetate reacted rather specifically and only in conjunction with 
adenyl pyrophosphate. Butyrate, octanoate, and decanoate were inactive, 
whether with or without adenyvl pyrophosphate. If, however, the concen- 
tration of hydroxylamine was raised, a general reactivity of fatty acids 
was observed which under these conditions became independent of the 
presence of an added phosphate donor. The experiment of Table I] may 
serve as an example. 


Tasie 

0.5 ml. of pigeon liver extract (1 gm. of acetone-dried liver extracted with 10 ml. 
of 0.02 m bicarbonate solution and centrifuged) was incubated for 60 minutes at 37° 
in test-tubes. The final volume was 1 ml. All samples contained 0.02 m neutralized 
hydroxylamine hydrochloride. The values are given in micromoles. 


Labile adeny! pyrophosphorus .....| 5 10 10 10 10 
Hydroxamic acid formed............| 1.39) 1.7 1.77 | 1.35) 0.90; 0.38 


* This work was supported by a grant from the Commonwealth Fund. 
1 Lipmann, F., J. Biol. Chem., 160, 173 (1945). 
? Lipmann, F., and Tuttle, L. C., J. Biol. Chem., 169, 21 (1945). 
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II 

0.5 ml. of rat liver homogenate (1 volume of liver homggenized with 2 volumes 
of Krebs’ solution containing 0.03 m phosphate of pH 8) was incubated for 60 minutes 
at 37°. The concentration of hydroxylamine was here 0.4 Mm, the finabvolume 1.3 ml, 
20 micromoles of the sodium salt of the indicated fatty acids were présent per sample. 


Fatty acid added... Acetic | Butyric Decano-| Dode- | None 


Hydroxamic acid formed, micromoles.| 0.72 | 1.79 | 2.50 1.00 | 0.60 | 0.60 
2.82* 0.83* 


* With 10 micromoles of labile adenyl pyrophosphorus. 


This reaction was found, in either air or nitrogen, with extracts from rat 
and pigeon liver but not with that from rabbit brain, nor did controls with- 
out the enzymes show formation of hydroxamic acid. Of the tested fatty 
acids octanoate was the most reactive under these conditions, while acetate 
showed very little reactivity. 

A study is in progress to investigate more thoroughly the mechanism of 
this quite abundant conversion of fatty into hydroxamic acids without 
addition of a phosphate donor. The small amounts of adenyl pyrophos- 
phate present in these extracts are certainly insufficient to explain the 
reaction. 

The experiments reported here were largely motivated by the work of 
Lehninger* on a phosphorylation of fatty acids prior to oxidation in the liver. 


Biochemical Research Laboratory Fritz LipMaANN 
Massachusetts General Hospital L. Constance TUTTLE 
Boston 


Received for publication, September 19, 1945 


3 Lehninger, A. L., J. Biol. Chem., 167, 363 (1945). 
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THE FATE OF N'-METHYLNICOTINAMIDE IN MAN* 
Sirs: 

Since the establishment of the fact that N'-methylnicotinamide (F2) 
represents the major known niacin derivative found in the urine of man 
normally and after doses,’ numerous attempts have been made to base a 
quantitative estimate of the state of niacin nutrition on the determination 
of F; in the urine.” 

Our recent observations, confirming those of Ellinger and Coulson,* have 
shown that in man (and in the rat) F, is not the final metabolite but is 
itself further metabolized into unidentified products. The table, repre- 
senting a typical example from a large body of data, demonstrates that the 
excretion of extra F, is approximately the same after the ingestion of equiva- 
lent amounts of nicotinamide or of N'-methylnicotinamide, corresponding 
to 10 to 20 per cent of the ingested dose. 

After single oral or intravenous doses of N'-methylnicotinamide the excre- 
tion of the three derivatives returned to control levels in the second 24 
hours; after nicotinamide and after trigonelline the excretion of the extra 
methylated derivatives was completed in 2 days, about 80 per cent of the 
recovery value on the Ist, and 20 per cent on the 2nd day. That delayed 
excretion is not a significant factor is indicated by our observation in which 
three normal adults ingesting daily 500 mg. of nicotinamide for 25, 35, and 
48 days excreted at the end of these periods 32, 27, and 27 per cent, respec- 
tively, of the ingested doses, practically all in the methylated form. The 
absence of any increase in the N. A. fraction after the ingestion of F; indi- 
cates that the unknown metabolic products are not of the nature of niacin 
derivatives which might have been obtained by the demethylation of the 
F;. That the methylnicotinamide is not appreciably transformed into 
trigonelline in the body by the removal of the amide group is also clearly 
shown in our data. The previously established fact of the stability in the 
body of ingested trigonelline is again borne out by the data in the table 
which are included for comparison. Intravenous administration of 1.63 
milliequivalents of F, to subject B led to the recovery of 67 per cent in the 


* The work described in this paper was done under a contract, recommended by 
the Committee on Medical Research, between the Office of Scientific Research and 
Development and Duke University and was also aided by grants from the John and 
Mary R. Markle Foundation, the Nutrition Foundation, Inc., and the Duke Uni- 


versity Research Council. 


1 Huff, J. W., and Perlzweig, W. A., J. Biol. Chem., 160, 395, 483 (1943). Sarett, 
H. P., J. Biol. Chem., 160, 159 (1943). 
2 Reviewed in Nutr. Rev., 3, 233 (1945). 
* Ellinger, P., and Coulson, R. A., Biochem. J., 38, 265 (1944). 
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urine, indicating that 33 per cent was ‘‘destroyed”’ in the body outside of 
the intestinal tract. 

In view of these facts, it is obvious that the excretion of F, represents 
primarily the resultant of the rates of two or more metabolic reactions 
involving niacin: its methylation to F, and the subsequent conversion of 
F, to products as yet unknown. This may explain the inconsistencies and 


h : the difficulties found in our attempts and those of others to correlate the 
: ‘ urinary excretion of F; with the state of niacin nutrition. 
f k 24 Hour Excretion of Niacin Derivatives by Two Normal Male Adults 
e N. A., total niacin derivatives obtained by hydrolysis with 7 n HCl; Trig., the 
2 fraction including trigonelline and F; as determined by the method of Perlzweig, 
i : Levy, and Sarett (/. Biol. Chem., 136, 729 (1940)); F2, as determined by the fluoro- 
‘ metric method of Huff and Perlzweig (/. Biol. Chem., 160, 483 (1943)). 
, | Subject A | Subject B 
| N.A. | Trig. Py N.A. | Trig. | Fs 
me. me. me. me. me. me. 
1.26 | 12.8] 11.7 | 1.3 12.5 11.0 
; s 200 mg. (1.63 m.eq.) nicotinamide...| 1.8 55.0 | 49.4 1.5 47 44 
282 “ (163 ) N!-methylnico- | 
g 282 mg. (1.63 m.eq.) trigonelline HCl.) 1.3 | 185.0 | 11.0 1.4 | 190 11.4 
Department of Biochemistry A. 
& Duke University School of Medicine Jesse W. Hurr* 
i Durham, North Carolina 
Received for publication, October 11, 1945 


‘ Nutrition Foundation, Inc., Fellow. 
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HYDROLYSIS OF PHENYLACETYLCHOLINE BY ESTERASES* 
Sirs: 

In view of the essential rdle of acetylcholine (ACh) in the conduction of 
the nerve impulse, cholinesterase, the enzyme which has the function of 
removing the active ester by hydrolysis, is of great physiological interest.' 
A great number of esterases occur in the organism and it is not easy to 
distinguish between the esterase specific for ACh and other unspecified 
esterases, since the specificity in this case is only relative. 

However, by testing a number of choline and non-choline esters, a pattern 
has been established which makes it possible to determine whether or not an 
enzyme is cholinesterase.2. Also, it has been shown that a number of drugs 
differ significantly in their affinities for cholinesterase and for other esterases.* 
Even so, the distinction sometimes becomes difficult with the compounds 
available, especially in certain nerve tissues in which a mixture is present.‘ 
It appeared therefore desirable to look for other Bassett which would 
be useful in clarifying the above situation. 

A new compound of this kind has now been found in Riaiiiiesindiii, 


Ratio of Hydrolysis of Phenylacetylcholine Chloride to Acetylcholine Chloride XK 100 
(= Q) by Unspecified Esterases 


Q is always equal to 0 for cholinesterase. 


Cholinesterase | Unspecified esterases 
| | ACh hy- 
Species Tissue Species | Tissue tn 20 
min. min. 

c.mm. c.mm. 
Electrophorus | Electric organ 134 Guinea pig | Pancreas 241 ll 
electricus 136 164 15 
Ox Nucleus 126 vg ss Kidney 80 106 
caudatus 135 74 104 
Squid Head ganglion 179 Liver 38 810 
Horse Serum 128 48 
138 40 


* This work was aided by a grant from the Josiah Macy, Jr., Foundation. 

1 Nachmansohn, D., in Harris, R.S.,and Thimann, K. V., Vitamins and hormones, 
New York, 3, 337 (1945). 

? Nachmansohn, D., and Rothenberg, M. A., J. Biol. Chem., 168, 653 (1945). 

* Nachmansohn, D., and Schneemann, H., J. Biol. Chem., 169, 239 (1945). 

* Nachmansohn, D., and Rothenberg, M. A., in preparation, 
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line.’ The introduction of a phenyl] group into the acetate makes the ester 4 
completely resistant to cholinesterase, whereas other esterases are able to * 
split this compound (see the table ). Great differences, however, are found 
as to the rates; the esterase of the pancreas splits the aromatic compound 
at a rate only 15 per cent of that at which ACh is split, whereas liver eg- 
terase splits it 8 times more rapidly than ACh. The variations in the rate 
of hydrolysis by the different esterases appear to be more marked than are 
found with other esters. Thus, the compound is valuable not only fora 
test of specificity but also emphasizes the existence of a great variety of 
esterases in the body. In spite of the similarity of the ester linkage, the 
esterases react so differently to a change in the chemical structure of the 
ester that it appears more justifiable to speak of unspecified esteraseg* 
rather than unspecific, thereby implying that the specific substrate is ag 
yet unknown. 


Departments of Neurology and Biochemistry MortiMerR A. ROTHENBERG 
College of Physicians and Surgeons 
Columbia University 
New York e 


Received for publication, October 18, 1945 


5 We are gratefully indebted to Dr. J. A. Aeschlimann of Hoffmann-La Roche, Ine., 
Nutley, for supplying this compound. 
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ISOLATION OF THE ACID-SOLUBLE NUCLEOTIDES OF LIVER 


By 8S. RAPOPORT ann NORTON NELSON 


(From the Children’s Hospital Research Foundation, the May Institute for Medical 
Research of the Jewish Hospital, and the Departments of Pediatrics and Biological 
Chemistry, College of Medicine, University of Cincinnati, Cincinnati) 


(Received for publication, August 27, 1945) 


In the course of studies on the acid-soluble phosphorus compounds of 
liver and kidney, it became evident that the fraction comprising the nucleo- 
tides represented a complex mixture (1). In an attempt to isolate the indi- 
vidual nucleotides, methods designed to minimize the breakdown of labile 
phosphorus compounds were employed. ‘The isolation of adenylic acid and 
of a material representing a mixture of adenosine di- and triphosphate from 
rabbit and dog liver is reported in the present communication. 

The following steps were taken in the isolation of the products. The 
organs were removed quickly from narcotized animals and put into a dry 
ice-ether mixture. In the trichloroacetic acid extract the nucleotides to- 
gether with glutathione and an unknown nitrogen-free phosphorus com- 
pound were precipitated with mercuric acetate. After removal of the 
mercury, the barium salts were prepared and divided into a soluble fraction, 
containing adenylic acid and glutathione, and an insoluble fraction, contain- 
ing adenosine triphosphate and the bulk of the adenosine diphosphate. 
From the soluble fraction free adenylic acid was isolated after a preliminary 
precipitation with phosphotungstic acid to separate it from glutathione. 
Adenosine triphosphate and the bulk of the adenosine diphosphate, present 
in the insoluble fraction of the barium salts, were isolated after repeated 
fractionation as silver salts from 0.2 N nitric acid to remove the nitrogen-free 
contaminant. 

The preparations were analyzed for nitrogen by a Kjeldahl procedure, 
for adenine (2), and for easily hydrolyzable and total P (3). Determination 
of the total nucleotide phosphorus was performed with rattlesnake venom 
a8 a specific nucleotidase according to Hitchings (4). The content of adeno- 
sine triphosphate was assayed by three methods, (a) rattlesnake venom 
(4), (6) myosin (5, 6), and (c) washed lobster muscle (7). 


Isolation Procedure 


For experiments on a preparative scale the livers of two or three rabbits 
or of one dog were removed under anesthesia, cut quickly into small chunks 
with shears, and dropped into a dry ice-ether mixture. 100 gm. portions 
of liver were ground in a Waring blendor with 5 volumes of 5 per cent tri- 
chloroacetic acid for periods of 4 minutes. The resulting mixtures were 
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centrifuged and the supernatant fluids were filtered. The filtrate, more or 
less opalescent according to the amount of glycogen, was neutralized with 
5 nw NaOH, and 0.05 volume of a solution of 20 gm. of mercuric acetate in 
100 cc. of 2 per cent acetic acid was added. After standing for several 
hours the precipitate was centrifuged, washed once with a 40-fold dilution 
of the mercuric acetate reagent, suspended in water, and decomposed with 
HS. The supernatant fluid of the mercury sulfide precipitate and the 
washings were freed of H.S by aeration. They were opalescent and some- 
times brownish in color, owing to the presence of glycogen and of finely dis- 
persed mercuric sulfide. 1 volume of a 50 per cent solution of barium ace- 
tate and 0.2 volume of alcohol were added and the fluid was made alkaline 
to phenolphthalein by the addition of NaOH. 15 minutes later the precipi- 
tate was separated by centrifugation, redissolved in trichloroacetic acid, 
and reprecipitated as barium salt in the same manner as before. The 
isolation of adenosine diphosphate and triphosphate from the precipitate is 
described in Section 1, and of adenylic acid from the supernatant fluid in 
Section 2. 

Section 1. Isolation and Analysis of Mixture of Adenosine Di- and 
Triphosphate—The precipitate of water-insoluble barium salts was dis- 
solved in a small amount of 0.5 n HNQOs;, and enough H.SO, was added to 
precipitate all the barium which was removed by centrifugation. The 
glycogen, which accompanied the nucleotides up to this point, was then 
precipitated by the addition of 0.66 volume of alcohol, and removed by 
centrifugation. The glycogen was dissolved and reprecipitated once more 
from a small volume of fluid. <A few cc. of 5 N AgNO; were added to the 
combined supernatant fluid which contained 40 per cent of alcohol by vol- 
ume and which was 0.2 N with respect to nitric acid. The resulting pre- 
cipitate was centrifuged, decomposed with HS, aerated, and the nucleotides 
were reprecipitated twice more from a 0.2 N nitric acid solution by the 
addition of 0.05 volume of AgNO3. This fractionation as silver salt effected 
the removal of a nitrogen-free phosphorus compound occurring in liver. 
For analytical purposes the anhydrous alkaline barium salts were prepared. 
The yield of adenosine polyphosphate was about 100 mg. of barium salt 
per 100 gm. of liver. 


A nalyses— 
Rabbit liver nucleotide, found, N 9.4, P 10.3, Ba 33.2, N:P = 5:2.48 
Dog liver nucleotide, ~ 0.7, o 
9H 5P;Baz, calculated, 9.0, 12.0, on 35.3, §:3 


The proportion of hydrolyzable phosphate was 60 and 54 per cent of the 
total for the rabbit liver and the dog liver preparations, respectively. The 
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purine nitrogen content amounted to 98 per cent of the total nitrogen. The 
purine of the nucleotides was identified as adenine by preparation of the 
picrate in 90 to 92 per cent yield, according to the procedure of Kerr (8). 
These adenine picrate crystals melted sharply at 289°. The picrate from 
the rabbit liver preparation was analyzed for nitrogen with the following 


results. 
C,H NO; (364.24). Calculated, N 30.8; found, N 30.7 


Adenosine diphosphate was prepared from the nucleotide mixture of the 
rabbit liver by the use of washed lobster muscle (7) in 82 per cent yield. 
It was isolated by tollowing closely the procedure described by Engelhardt 
(5). The anhydrous barium salt was analyzed with the following results. 


Calculated. N P OS, Ba 32.7, N:P 8:2 


50 per cent of the phosphate was hydrolyzable by heating for 15 minutes 
in N acid at 100°. Analysis of this material with the enzyme of the rattle- 
snake venom and with myosin indicated the presence of 92 to 94 per cent of 


adenosine diphosphate, the rest being adenosine triphosphate. 


Enzyme Experiments 


Assay of Adenosine Triphosphate Content by Use of Rat Myosin—This 
method is based on the fact that purified myosin acts as an adenosinetri- 
phosphatase, converting adenosine triphosphate to adenosine diphosphate 
with the liberation of 1 mole of inorganic P per 1 mole of the triphosphate 
(Engelhardt). The myosin used in these experiments was prepared from 
rat muscle by the method of Bailey (6) with slight modifications. For the 
assay of adenosine triphosphate the reaction mixtures were prepared as 
follows: 1 cc. of myosin solution in 0.1 m glycine buffer of pH 9.1 and con- 
taining 0.1 to 0.3 mg. of protein nitrogen, and 0.1 cc. of 0.1 M CaCl, solution 
were added to 2.5 cc. of a neutral substrate solution. The mixtures were 
incubated at 37° for 30 minutes, and the reaction was then stopped by the 
addition of 4 cc. of 20 per cent trichloroacetic acid. Water was then added 
to the volume of 10 ec. Control samples were set up by adding the tri- 
chloroacetic acid before the addition of the enzyme. The difference be- 
tween the values for inorganic P before and after incubation represents 
one-third of the adenosine triphosphate content of the substrate. The 
enzyme was checked repeatedly with pure adenosine triphosphate from 
rabbit muscle, and with an adenosine diphosphate preparation, with results 
conforming to expectations. 

Assay of Adenosine Triphosphate Content by Use of Washed Lobster 
Muscle—Lobster muscle washed repeatedly with 0.06 m KC] solution, 


— 
=. 
+ 
2 
* 
rag 
r 
4 
— 
a 
4 
“er 
4 
Ps 
3 
4 
— 
4 
 — 
3 
fi 
ay 
e : 
on 
— 


ee 
> 
Be 
Py 
a 


424 ISOLATION OF LIVER NUCLEOTIDES 


according to Lohmann (7), acts like myosin in splitting adenosine tri- 
phosphate. The experiments were performed in the manner described by 
him (7) and by Kiessling and Meyerhof (9). From test preparations of 
adenosine triphosphate #bout 10 per cent more inorganic P was liberated 
than was expected. 

Determination of Total Nucleotide P and of Adenosine Triphosphate Con- 
tent by Use of Rattlesr.ake Venom-—The venom of the rattlesnake, Crotalus 
adamanteus, according to Hitchings (4) acts as a specific nucleotidase, 
Adenylic acid and adenosine diphosphate are hydrolyzed by the venom 
with complete liberation of their P as orthophosphate, while adenosine 
triphosphate is decon posed with the formation of 1 mole of pyrophosphate 
and 1 mole of orthopl.osphate. The inorganic pyrophosphate, representing 
two-thirds of the tot: P of adenosine triphosphate, may be hydrolyzed by 
heating in N acid for 15 minutes at 100°. The estimate of the inorganie 
pyrophosphate provides another measure of the adenosine triphosphate 
content of nucleotide preparations. By combined enzyme action and acid 
hydrolysis complete liberation of the P from nucleotides may be achieved, 
With test preparations the adenosine triphosphate content was tound to be 
somewhat low by this method, since apparently some hydrolysis of the 
inorganic pyrophosphate takes place during the course of incubation. 
The estimates of the total nucleotide content, however, were found to be 
reliable. The experiments were performed as follows: 2 to 4 ec. of sub- 
strate solution containing about 0.3 mg. of nucleotide P were neutralized 
with a few drops of a 10 per cent NaHCO, solution. 1 cc. of Michaelis 
buffer and 2.5 mg. of venom dissolved in 1 ec. of 0.9 per cent NaCl solution 
were added. The mixtures were incubated for 75 minutes at 38°, and the 
experiments were terminated by the addition of 4 cc. of trichloroacetic 
acid and of water to the volume of 10 cc. Inorganic P and easily hydro- 
lyzable P were determined. It was assumed that 1.5 times the value for 
the easily hydrolyzable P corresponded to the adenosine triphosphate 
content, while the value for inorganic P at the end of 15 minutes hydrolysis 
in N acid represented the total amount of nucleotide phosphorus. Assay of 
adenosine triphosphate content of liver nucleotide polyphosphate prepara- 
tion gave the following results, in per cent of total. 


Liver N:P ratio | Myosin Venom Lobster muscle 
29 | 39 | 36 48 


The total nucleotide P value in each case corresponded closely to the 
value for total phosphorus. 
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Section 2. Isolation of Adenylic Acid—The supernatant fluid of the 
barium precipitate contained adenylic acid with about 15 per cent 
admixture of adenosine diphosphate in terms of purine nitrogen, but was 
free of adenosine triphosphate as judged by tests with rattlesnake venom 
and myosin. 3 volumes of 95 per cent alcohol were added to this super- 
natant fluid. ‘The resulting precipitate, containing glutathione in addition 
to the nucleotides, was extracted three times with dilute acetic acid, a 
small residue being discarded. The barium in the combined extracts was 
removed with sulfuric acid, the solution was made 0.5 N with respect to 
sulfuric acid, and 0.2 volume of 20 per cent phosphotungstic acid in 0.5 
~w H.SO, was added. The mixture was kept ice-cold overnight. The pre- 
cipitate was separated by centrifugation, washed twice with 2 per cent 
phosphotungstic acid, and was then dissolved in 50 per cent acetone. 
Baryta was added to the definitely alkaline reaction of phenolphthalein. 
The bulky precipitate of barium phosphotungstate was extracted several 
times with dilute baryta solution. An excess of 40 per cent lead acetate 
solution and | volume of alcohol was added to the combined extract. The 
lead precipitate was washed two times with 50 per cent alcohol, suspended 
in water, decomposed with H.S, and a few drops of dilute H»SO, were added 
to remove small amounts of barium. The supernatant fluid of the lead 
sulfide combined with the washings was concentrated almost to a dryness 
in vacuo at a temperature below 40°. The contents of the flask were 
transferred with several small washings of hot water into a small tube. 3 
volumes of acetone were added and the tube was left in a refrigerator over- 
night. The adenylic acid was recrystallized three times from 50 per cent 
acetone. Small amounts of phosphotungstic acid which escaped the pre- 
cipitation with barium were removed in the process of recrystallization from 
acetone. The nucleotide was recrystallized twice more from hot water, 
and then washed with alcohol and ether. The resulting white product 
melted at 196°, uncorrected. The vield of adenylic acid was about 10 mg. 
per 100 gm. of liver. Analysis of the anhydrous material gave the following 
results. 


CyoH,O;N,P (347.3). Caleulated, N 20.2, P 8.9; found, N 20.3, P 8.8 


DISCUSSION 


The presence in the liver of acid-soluble nucleotides less highly phos- 
phorylated than adenosine triphosphate appeared likely when it was found 
that the easily hydrolyzable P represented only 45 per cent of the P which 
is precipitated by mercuric acetate (1). This supposition was supported 
by the finding that the concentrations of purine nitrogen and of pentose in 
the trichloroacetic acid extracts were in excess of those calculated for 
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adenosine triphosphate from the data on the easily hydrolyzable P. Dif. 
ferences between fed and fasted rats indicated that the presumed mixture 
of nucleotides was subject to variations under different conditions of the 
metabolism of the liver. The isolation of adenylic acid and of a mixture of 
adenosine di- and triphosphate, here reported, supports the conclusion 
reached from the earlier experiments. However, in view of the chemical 
lability of adenosine triphosphate and of the presence of powerful enzyme 
systems in liver, the possibility should be examined that the less highly 
phosphorylated nucleotides were products of chemical or enzymatic break- 
down. As far as adenosine diphosphate is concerned this possibility 
appears remote, considering the large amounts found and the fact that this 
substance is not known to be a product of the chemical breakdown of 
adenosine triphosphate. The chance of such an origin of adenylic acid 
may be denied with less assurance, since this compound can be tormed both 
enzymatically and by chemical breakdown of adenosine triphosphate at 
alkaline reaction. The extent of the enzymatic breakdown was kept at a 
minimum by prompt freezing of the organs after removal. The success of 
this measure was indicated by the close correspondence ot the figures 
for inorganic and easily hydrolyzable P between extracts of small and of 
large tissue samples. In the fractionation of the barium salts, under 
conditions which favor the breakdown of adenosine triphosphate to adenylic 
acid, the exposure to alkaline reaction was as brief as possible with careful 
control of the temperature. No significant formation of adenylic acid 
took place during the isolation procedure, as judged trom the analyses by 
the method of Hitchings, which were carried out at every step. 

The acid-soluble nucleotides in various tissues appear to vary both in 
concentration and in degree of phosphorylation. In muscle, brain (8), 
and in erythrocytes (10, 11) almost the entire nucleotide content is ae- 
counted for as adenosine triphosphate. In liver, in heart muscle (12), 
and in kidney (unpublished work), on the other hand, less highly phos- 
phorylated nucleotides can be demonstrated. The factors responsible 
for such differences are at the present time a subject for speculation only. 


SUMMARY 


The acid-soluble nucleotides of liver comprise a mixture of compounds 
representing different degrees of phosphorylation of adenylic acid. The 
isolation of adenylic acid and of a mixture of adenosine triphosphate and 
adenosine diphosphate from trichloroacetic acid extracts of liver is re- 
ported. 
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THE DISTRIBUTION OF ACID-SOLUBLE NUCLEOTIDES IN THE 
LIVERS OF RATS, FED AND FASTING 


Br 8. RAPOPORT 
(From the Children’s Hospital Research Foundation and the Departments of Pediatrics 
and Biological Chemistry, College of Medicine, University of 
Cincinnati, Cincinnati) 


(Received for publication, August 27, 1945) 


Previous studies have indicated that the acid-soluble adenine nucleotides 
of liver represent a mixture of compounds of varying degree of phosphoryla- 
tion (1). Large differences in the concentration of easily hydrolyzable P 
between fed and fasting rats in the face of constant concentrations of purine 
N and stable mercury-precipitable P indicated that the degree of phos- 
phorylation of the mixture of nucleotides varied with the nutritional status 
of the animals (2). 

The present communication deals with an attempt to define more clearly 
the composition of the nucleotide mixture and its changes during fasting by 
a system of analyses that permitted an estimate of the individual nucleo- 
tides. For this purpose the trichloroacetic acid extract of liver was pre- 
cipitated with mercuric acetate. On this precipitate, which contains all 
the nucleotides and some non-nucleotide P compounds as well, analyses 
were performed for easily hydrolyzable and total P, for nucleotide P by 
means of the specific nucleotidase of rattlesnake venom (3), and for adeno- 
sine triphosphate by the use of the adenosinetriphosphatase of myosin (1). 
The values for adenosine diphosphate and adenylic acid were calculated 
from these data. Determinations of the purine nitrogen and of pentose, 
which furnished independent estimates of the nucleotide content, were 
performed on the mercury precipitate. The inorganic and easily hydro- 
lyzable P were determined in the trichloroacetic extract for purposes of 
comparison with earlier experiments. 


Material and Methods 


Male rats weighing 220 + 45 gm. from the stock of Sprague-Dawley, 
Inc., were used. Rats designated as fed had free access to food at all 
times, while the food was withdrawn for either a 24 or a 48 hour period 
from the fasted animals. The analytical results for all fasted animals were 
combined, since they were not significantly different. The preparation 
of the trichloroacetic acid extracts from liver has been described elsewhere 
(4). The determination of the inorganic, the easily hydrolyzable, and the 
total P in the trichloroacetic acid extract has also been described previ- 
ously (2). 
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Preparation and A He oS of Mercury Precipitate—A 50 cc. sample of 
trichloroacetic acid extract was transferred to a 65 ec. centrifuge tube, 
neutralized with 5 N and N NaOH, and 3 cc. of mercuric acetate reagent 
(20 per cent mercuric acetate in 2 per cent acetic acid) were added. After 
standing for 1 hour in the refrigerator the material was centrifuged, the 
supernatant fluid was discarded, and the precipitate was washed once by 
suspension in 5 cc. of water and recentrifugation. The precipitate was 
suspended once more in 4 cc. of water, and the mercury was precipitated 
with a current of H.S gas. The mercuric sulfide precipitate was removed by 
centrifugation, washed once with a small volume of water, and the com- 
bined supernatant fluids, after aeration to eliminate the Hos, were made 
to a definite volume. All the steps were carried out in a cold room or in an 
ice bath. 

Determinations of the distribution of P, the content of purine N, and 
of pentose were performed on the solution of the mercury precipitate as 
follows. 

Distribution of P in Mercury Precipitate—The subsequent fractions were 
determined: inorganic P, easily hydrolyzable P, total P,P liberated by action 
of myosin, and that by combined action of rattlesnake venom and 15 min- 
utes hydrolysis in N acid at 100°. Based on these data the following P 
fractions were defined. 


(1). Total organic P = total P minus inorganic P 

(2) ‘** mnueleotide P = inorganic P after incubation with rattlesnake venom and 
acid hydrolysis (minus inorganic P before incubation and hydrolysis) 

(3) Non-nucleotide P = total organic P minus total nucleotide P 

(4) Stable nucleotide P = total nucleotide P minus easily hydrolyzable P 

(5) Adenosine triphosphate = (inorganic P after action of myosin) X 3 

(6) es diphosphate = 2 X (easily hydrolyzable P — 2 X inorganic P after 
myosin ) 

(7) Adenylic acid = total nucleotide P minus adenosine tri- and diphosphate 


The preceding equations are based on these considerations: Rattlesnake 
venom according to Hitchings (3) attacks specifically nucleotides, splitting 
adenylic acid and adenosine diphosphate completely, and adenosine tr- 
phosphate with the liberation of 1 mole of orthophosphate and 1 mole 
of pyrophosphate. After incubation of the material with venom and 
subsequent hydrolysis for 15 minutes in N acid at 100°, the entire phos- 
phorus of the nucleotides is obtained in inorganic form. The difference 
between the total organic P and the nucleotide value, constituting the 
non-nucleotide P in the mercury precipitate, is in part accounted for by a 
nitrogen-free unidentified phosphorus compound. The easily hydrolyzable 
P represents two-thirds of the adenosine triphosphate and one-half of 
diphosphate, while only a negligible amount of adenylic acid is decomposed 
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under these conditions. Myosin as a specific adenosinetriphosphatase 
splits one of the two easily hydrolyzable phosphate groups of the adenosine 
triphosphate, converting it to adenosine diphosphate. From these data 
the equations listed above can easily be derived. The fraction most inac- 
curately determined is adenylic acid, whose value is calculated as a differ- 
ence from three different determinations; namely, venom action, myosin 
incubation, and acid hydrolysis. All values were corrected for the amounts 
of inorganic P in the precipitate, which averaged 4 mg. per 100 gm. of liver 
in fed, and 8 mg. per 100 gm. in fasted rats. 

The determination of the purine nitrogen in the nucleotides was carried 
out according to the procedure of Kerr and Blish (5) and Kerr (6) modified 
as follows. After acid hydrolysis and precipitation of the nucleotides with 
copper hydroxide, | cc. of 5 per cent sodium citrate was added to the pre- 
cipitate and the mixtures were heated for 15 minutes in a boiling water 
bath. Then 1 ec. of N H»SQ, was added and the precipitation with sodium 
bisulfite was carried out as in the original method. This modification was 
necessitated by the presence of large amounts of glutathione in liver. The 
average Vield of purine N by this procedure was 94 per cent, and all data 
were corrected accordingly. 

The determination of pentose in the mercury precipitate was carried out 
by the method of Mejbaum (7), modified by the use of 2 cc. of 0.05 per cent 
solution of FeCl, in concentrated HC! instead of 1 cc. of 0.1 per cent solu- 
tion, and by extending the heating time to 30 minutes. The samples were 
diluted to 7 cc. with water and read in the Evelyn colorimeter with a 6 
ec. aperture and Filter 660. The purity of the color was always checked by 
readings with Filter 520. A reference curve was prepared with myo- 
adenylic acid as a standard, which vields about 20 per cent more color 
than arabinose. Even small amounts of glycogen interfere seriously with 
thismethod. Therefore, glycogen was removed by the addition of an equal 
volume of alcohol before the determination was carried out. 


Results 


In Table I are summarized the results of the analyses on the mercury pre- 
cipitate and the trichloroacetic acid extract of the livers of fed and fasted 
rats. In the first two rows of Table I are recorded the mean values of the 
various fractions, in the third row the mean differences between the two 
groups of animals, and in the fourth row the estimates of the statistical 
significance of the differences, expressed in terms of p values, which indicate 
the percentage likelihood that such differences might arise by chance alone. 

The analyses on the trichloroacetic acid extract demonstrate lower values 
of the inorganic and higher ones of the easily hydrolyzable P in fed rats than 
in fasted rats. A comparison of these data with those previously published 
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on two other series of experiments (2, 8) shows similar values for the in- 
organic P of both fed and fasted rats in the last two series, while the values 
for the easily hydrolyzable P are higher in the present than in either of the 
two preceding series. ‘The statistical analysis of the data, indicating stable | 
mean values within each of the series, suggests that individual variability a 
is not the cause of the differences among the three series. Other factors _ 
afiecting groups rather than individuals, such as preceding diet, age, season, 
and strain differences, may be assumed to be responsible for the discrep- 
ancies noted. 

The easily hydrolyzable P in the mercury precipitate accounted for 91 a 
to 96 per cent of the amount found in the trichloroacetic acid extract. ie 
The fact that these values did not differ from each other significantly would 


Tasie I] 
Molar Distribution of Nucleotides* in Liver of Fed and Fasting Rats 
Total nucleotide | Fraction of total nucleo- | 
estimated from tides present as 
diphee-| | Ademo-| Ade | 
tri di no- no- ation 
Stable Purine phate phate acid | sine sine Adeny- indext tg 
tide P | | | oF te ~ te acid a 
mM per mM per mM per mM per mM per mM per per per per 
Fed... .. ....| 5.2] 5.7 | 68 | 1.5] 3.2 | 0.6 2 | 61 | | 2.18 
Fasted........| 6.0 | 6.2 | 7.3 | 0.7 | 3.5 (1.9) 58 | 31 | 1.81 


* The values were calculated on the assumption that adenine was the only nucleo- | 
tide present. Disregard of the small amount of guanylie acid occurring in liver 2 
introduces a small error into the calculations. 

t Ratio of total nucleotide P to stable nucleotide P, expressing the degree of labile | 
phosphorylation. 


indicate that the easily hydrolyzable P of liver is entirely derived from i 
nucleotides. 

Values for the total organic and the non-nucleotide phosphates in the 

mercury precipitate were alike in fed and in fasted rats. The total nucleo- - 
tide fraction was unchanged as the result of opposite shifts in the easily a 
hydrolyzable and in the stable nucleotide phosphorus, the former of which 4 
was higher, and the latter lower, in the fed rats. The shifts in the two a 


fractions reflected a changed mixture of nucleotides. In the fed rats 
adenosine triphosphate was considerably higher, adenosine diphosphate . 
somewhat lower, and the adenylic acid greatly lower than in the fasted a 5 
rats. The levels of purine nitrogen and of pentose were significantly lower ; 

- in the fed rats, in agreement with the results on the stable nucleotide P. 
In Table II is presented the distribution of nucleotides, calculated as 
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adenine compounds, in terms of molar concentration in mM per kilo of 
tissue. In the first three columns are recorded estimates of the molar 
concentration of the total nucleotides calculated from three independent 
measurements: (1) from the stable nucleotide phosphorus, (2) from the 
purine nitrogen, and (3) from the pentose value. ‘The estimate based on 
the stable phosphorus does not differ significantly from the value calculated 
from the purine nitrogen, but the nucleotide concentration calculated from 
the pentose is much higher than either of the other two estimates. This 
difference may in part be due to the presence in the mercury precipitate of 
free ribose phosphate, a substance occurring in liver. Nucleotides of 
complex structure which contain non-purine ring systems such as alloxazine 
and thiamine, and therefore 2 moles of pentose per mole of purine, may also 
contribute to the discrepancy. According to all three estimates the con- 
centration of total nucleotide is significantly lower in fed than in fasted 
rats. 

In the next three columns are shown the amounts of the individual 
nucleotides in mm per kilo of liver, and in the following three their percent- 
age distribution. Adenosine triphosphate accounts for about one-third 
of the total in fed rats and for about one-tenth in fasted rats, while the 
reverse is true for adenylic acid. In the last column is listed the phos- 
phorylation index, a measure indicating the degree of labile phosphorylation 
of the nucleotide mixture in liver. It is expressed as the ratio of the total 
to the stable nucleotide phosphorus and indicates the phosphorus present 
in excess of that required for adenylic acid. In fed rats the phosphorylation 
index lies above the value required for adenosine diphosphate, while it is 
below this figure in fasted rats. 


DISCUSSION 


It appears worth while to consider not only the changes in the concentra- 
tion, but also those in the absolute amount of the nucleotides in liver. 
The livers of fed rats are on the average about 60 per cent heavier than those 
of fasted rats, and contain therefore considerably greater absolute amounts 
of acid-soluble nucleotide. The rapidity of the changes in the size of the 
liver in the face of small variations in the total concentration of nucleotides 
would appear to indicate that this organ is capable of breakdown and 
synthesis of these compounds with great ease. 

The higher level of phosphorylation in the fed rats represents a greater 
abundance of energy-rich bonds, probably related to the needs of the 
metabolism of carbohydrates in the liver. Whether the variations in the 
distribution of nucleotides express only changes in the energy level, or 
whether the concentration of the individual nucleotides in itself serves 
special metabolic needs, is a subject for speculation. 
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SUMMARY 


The distribution of acid-soluble nucleotides in the liver of rats was studied 
by means of a system of analyses that permitted the estimation of indi- 
vidual nucleotides. It was found that in fed rats adenosine triphosphate 
accounted for one-third, and adenylic acid for one-tenth of the nucleotides, 
while the reverse ratio held in fasted rats. Adenosine diphosphate ac- 
counted for about 60 per cent of the nucleotide in both groups of rats. 
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ON THE ACTIVATION OF FATTY ACID OXIDATION 


By ALBERT L. LEHNINGER* 


(From the Department of Physiological Chemistry, Medical School, University 
of Wisconsin, Madison) 


(Received for publication, August 27, 1945) 


It has been previously reported from this laboratory that adenosine 
polyphosphates or compounds capable of phosphorylating adenylic acid 
are required to activate the oxidation of saturated fatty acids in crude rat 
liver homogenates (1). Also, Leloir and Mufioz have shown that a guinea 
pig liver fraction, when suitably supplemented with adenylic acid, cyto- 
chrome c, inorganic phosphate, and magnesium ions, has the power of 
oxidizing butyrate, but only in the presence of some other oxidizable sub- 
strate such as the 4-carbon dicarboxylic acids, glutamic acid, ete. (2). 
To explain the results of Leloir and Munoz the author suggested that 
adenosine triphosphate (ATP) is an immediately necessary cofactor for 
the oxidation and that the function of the second oxidizable substrate 
and adenylic acid in the system of Leloir and Mufioz is to provide ATP 
by oxidative phosphorylation (1). In this paper the activation of fatty 
acid oxidation in easily prepared rat liver emzyme suspensions will be 
described. These preparations have little or no endogenous oxidative 
activity and are therefore much better adapted for the study of the activa- 
tion than crude homogenates or the preparations of Leloir and Mujhioz, 
which in our hands did not vield satisfactory oxidation of the higher fatty 
acids. It will be seen that these preparations oxidize octanoate in the 
presence of adenylic acid but only with the simultaneous oxidation of 
certain ‘‘cooxidants,”’ confirming the data of Leloir and Mufioz. How- 
ever, octanoate oxidation is completely independent of such a coupled 
cooxidation if ATP is supplied to the enzyme system. Previous data of 
the author and of Leloir and Mufioz are therefore brought into essential 
agreement. 

The data reported here were necessary for a more detailed examination 
of the nature of the phosphorylative and oxidative reactions occurring 
in fatty acid oxidation, in particular the author’s working hypothesis 
that a phosphorylation of the fatty acid is primary to oxidation (1). 

In this paper the term cooxidant will be used to refer to the second 
substrate (such as fumarate, a-ketoglutarate, etc.) which must be oxidized 
in the presence of adenylic acid to initiate or support the oxidation of the 
true substrate; namely, the fatty acid. 


*Present address, Department of Surgery, University of Chicago, Chicago. 
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EXPERIMENTAL 


Preparative— The rat liver enzyme suspensions were prepared as follows, 
Rat liver was removed immediately after sacrifice of the animal, chilled, 
cut into small pieces with scissors, and homogenized (3) in 2 parts of g 
cold buffer (0.0128 m sodium phosphate, pH 7.7, 0.123 m NaCl, 0.005 
mM KC], 0.0012 MgSO,).!. The homogenate was filtered through cheese- 
cloth. 10 ml. of the homogenate were then centrifuged 5 minutes in a 
refrigerated angle head clinical centrifuge, the supernatant was discarded, 
and the cold butfer was added to the residue to make a total volume of 
12ml The liver pulp was resuspended in the stoppered tube by vigorous 
shaking and centrifuged again for 5 minutes. The supernatant was again 
discarded and the resuspension in fresh buffer and centrifugation were 
repeated twice more. The residue after the fourth or last centrifugation 
was resuspended in fresh buffer to make a volume of 7 to8 ml. The whole 
operation was carried out in a 15 mil. conical centrifuge tube. The sus- 
pension was used immediately (see ‘Requirement of DPN’’). 

ATP, cytochrome c, diphosphopyridine nucleotide, and phosphopyruvie 
acid were prepared as previously mentioned (1). Adenosine diphosphate 
(ADP) was prepared enzymatically, with the hexokinase reaction of Colo- 
wick and WKalekar (4). Muscle adenylic acid was prepared from ATP, 
according to Kerr (5). a-Ketoglutaric acid and oxalacetic acid were 
gifts of Dr. Philip P. Cohen of this department; they gave correct melting 
points. The fatty acids and other substrates as well as some of the in- 
hibitors used were Eastman products and were in ‘most cases subjected 
to further purification. They were presented to the enzyme as neutral 
sodium salts. Succinyl phosphate was prepared according to Lipmann 
and Tuttle (G). 

Analytical—-Acetoacetic acid was usually determined according to 
Greenberg and Lester (7); occasionally these values were checked mano- 
metrically with aniline citrate (8). Pentose was estimated according to 
Mejbaum (9). a-ketoglutarate according to Friedemann and Haugen 
(10), and succinic acid enzymatically by the methods of Krebs (11). Oxy- 
gen uptake was determined manometrically in standard conical Warburg 
vessels of 15 ml. volume. The temperature was 25° and the thermal 
equilibration period 5 minutes; substrates were then tipped into the main 
compartment at zero time. Alkali and filter paper rolls were in the center 
well; the gas phase was air in all experiments. Wherever amounts of 
substrates are specified in terms of ¢.mm., it is assumed that | micromole 
is equivalent to 22.4 c.mm. at s.7T-P. 


IThe composition of the medium is important in obtaining active preparations. 
For instance, the use of water instead of the buffer described yields totally inactive 
preparations. | 


$ 
i 
¥ 
4 
4 
| 
j 
j 
x 
; 
4 
= 
t 
A 
4 
+ 
* 
ae 
a 
2 
i 
a 
| 
of 
a 
> 
= 
4 


Ws, 


A. L. LEHNINGER 439 


Activation of Octanoate Oxidation by Simultaneous Oxidation of Other 
Metabolites—The enzyme suspension described is capable of oxidizing 
the different intermediates of the citric acid cycle in the presence of ade- 
nylic acid, magnesium ions, inorganic phosphate, and cytochrome c. This 
fact provided an opportunity for examining the activation of octanoate 
oxidation by the simultaneous oxidation of other metabolites, as described 
by Leloir and Mufioz (2). The data in Table I show that the oxidation 
of succinate, malate, oxalacetate, citrate, or pyruvate allowed and was 
necessary for the oxidation of octanoate when the suspension was supple- 


TABLE I 
Activation of Octanoate Oxidation by Oxidation of Cooxidants 
The main compartment of the Warburg vessel contained 0.30 ml. of enzyme sus- 
pension, 0.10 ml. of adenylic acid (0.001 M),* 0.10 ml. of magnesium sulfate (0.005 m), 
0.10 ml. of phosphate buffer (0.0025 m), 0.10 ml. of cytochrome c (1 K 10° Mm). The 
side arm contained 0.20 ml. of H,O or octanoate (0.007 m) and either 0.10 ml. of H,O 
or cooxidant (0.002 Mm). Time, 30 minutes. 


Cooxidant | Octanoate | uptake 
| 

| + 0 2 
| + 63 22 
+ 79 23 


* The figures in parentheses refer to the concentration of the component in the 
complete reaction medium. 


mented with the cofactors listed above. The extra oxygen uptake in the 
presence of octanoate reflected actual oxidation of the fatty acids, since 
there was a high yield of acetoacetic acid. ‘The conclusion may not be 
drawn, however, that this activation of octanoate oxidation necessarily 
results from any and every one-step oxidation in the citrie acid cycle (such 
as succinate + 40. — fumarate + H,O, or malate + 30, — oxalacetate 
+ H,O), since the enzyme suspension is capable of the nearly complete 
oxidation of succinic acid to CO, and H.O. The data therefore do not 
establish which oxidative reaction is capable of activating fatty acid oxi- 
dation, but they confirm the data of Leloir and Mufioz. 
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Coupling of Octanoate Oxidation with Reaction, a-Ketoglutarate +- 40, 4 
Succinate + CO. + H»O—Although sodium malonate inhibits fatty aeid 
oxidation somewhat in the preparations described, it was found possible 
to choose a concentration of malonate which completely blocked succinate 
oxidation but still allowed considerable octanoate oxidation. In the pres. 
ence of 0.01 m malonate the oxidation of 0.002 M succinate was inhibited 
completely. When octanoate was present in such a system, it was not 
oxidized. When 0.002 m a-ketoglutarate was substituted for the succinate 
it was oxidized completely to succinate, as shown by oxygen uptake data 
and analytical data on both a-ketoglutarate and succinate (Table II; 
Fig. 1). However, in the latter situation the oxidation of a-ketoglutarate 
allowed octanoate oxidation. Therefore octanoate oxidation can_ be 
coupled to a-single, well defined cooxidation. The data of Leloir and 


Il 
Balance Sheet for Activation of Octanoate Oxidation by @-Ketoglutarate Oxidation 


The experimental details are exactly as in Fig. 1; all volumes are tripled to allow 
analytical studies. Time, 40 minutes. 


| 
Oxida- | | @-Keto- | Succi. | Acet 
tion | Substrate Cooxidant | | mate | tate” 
No. | | formed | formed 
None _a@-Ketoglutarate (259¢.mm.) 138 248 
3 None Succinate (269 ¢.mm.) | 4oO | | 8 
4 Octanoate 4 3 
5 | None None 17 16 
6 Octanoate 12 24 


Mufioz focused attention on the oxidation of the 4-carbon dicarboxylie 
acids as being active in the initiation of fatty acid oxidation; the data 
reported here show that other oxidative reactions may function in this 
activation. 

_Another point of importance is that when the a-ketoglutarate was com- 
pletely oxidized, there was no further oxidation of octanoate. It would 
appear from this fact that the rate-limiting reaction during octanoate 
oxidation is probably the activating reaction, which depends on the ae- 
tivating oxidation. Otherwise one might expect a continued extra Os 
uptake (due to oxidation of octanoate intermediates) after a-ketoglutarate 
oxidation is complete. In experiments comparable to those described, 
the introduction of more a-ketogluitarate from a second side arm when 
the plateau was reached resulted in reestablishment of octanoate oxidation, 

The oxidation of octanoate in the presence of 0.01 mM malonate abe 
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appears to rule out a possible function of the 4-carbon dicarboxylic acids 
as necessary hydrogen-transport factors in fatty acid oxidation. 
Activation of Octanoate Oxidation by ATP—Earlier work showed that 
ATP was required for Octanoate oxidation in liver homogenates (1). The 
suggestion made in that paper that the oxidation of cooxidants was neces- 
sary for the formation of ATP by oxidative phosphorylation of adenylic 
acid was supported by the fact that a-ketoglutarate oxidation is capable 
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Fic. 1. The coupling of octanoate oxidation with a-ketoglutarate oxidation. 
The main compartment contained 0.60 ml. of enzyme, 0.20 ml. of adenylic acid (0.001 
um), 0.20 ml. of MgSO, (0.005 ), 0.20 ml. of phosphate buffer (0.0025 mu), 0.20 ml. of 
cytochrome c (1 &X 107° m), 0.20 ml. of sodium malonate (0.01 mM). The side arm 
contained 0.20 ml. of a-ketoglutarate (0.002 mu) and 0.40 ml. of H.O or octanoate 
(0.007 mw). Curve A shows the oxidation of a-ketoglutarate alone proceeding to the 
calculated 44.8 c.mm. of O, uptake for the amount added and Curve B shows the 
oxygen uptake for the two substrates together. 


of activating fatty acid oxidation, since Ochoa has shown that the reaction, 
a-ketoglutarate + 40, — succinate + CO, + H,O, is capable of vigorous 
esterification of inorganic phosphate (12). <A direct trial of ATP, sub- 
stituted for adenvlic acid + a-ketoglutarate, was then made, all other 
factors remaining constant. Surprisingly, there was no activation of 
octanoate oxidation (see Table even in the presence of 0.008 ATP. 
a concentration higher than that necessary for maximal activation in the 
liver homogenate previously dexeribed (1). This finding was at direct 


anid 


acid 
sible 

ate 

res- 
ited 

not 
late 

ata 

IT. 

ate 

be 
and 
llow 

ace- 

0) 
g 
9 
6 
4 

‘hie 

ta 

his 

m- 

ild 
ate 
Os 
ute 

m. 


442 ACTIVATION OF FATTY ACID OXIDATION 


variance with the known activation of octanoate oxidation by ATP jp 
the crude homogenate. 

On careful study of the reaction conditions and the concentrations of 
the different components, it was found that the concentration of octanoate 
was critical in limiting activation by ATP. Octanoate was present usually 
in a concentration of 0.007 m; ATP was not capable of activating oxidation 
in these preparations at this concentration of octanoate. However, when 
octanoate was present at 0.001 M concentration, ATP activated its oxida- 
tion. The data in Table IV show the essential facts. a-Ketoglutarate 
oxidation is capable of activating the oxidation of octanoate at any con- 
centration tested, although not maximal at 0.01 mM octanoate. On the 


TABLE III 


Failure of Adenosine Triphosphate to Substitute for a-Ketoglutarate Plus Adenylic 
Acid in Oxidation of 0.007 m Octanoate 


The main compartment contained 0.30 ml. of enzyme, 0.10 ml. of adenylie acid 
(0.001 m) or ATP, 0.10 ml. of MgSO, (0.005 m), 0.10 ml. of cytochrome c (1 X 105 
M), 0.10 ml. of sodium malonate (0.01 m), 0.10 ml. of phosphate buffer. The side arm 
contained 0.10 ml. of a-ketoglutarate (0.002 m) or H.O, and 0.20 ml. of octanoate 
(0.007 m) or H.O. Time, 30 minutes. 


Activator Octanoate | O: uptake Acetoacetic acid 


formation 
| 

| c.mm. | 

a-Ketoglutarate + adenylic acid........... | — | 22 | 6 
+ | | 79 | 39 
| | —4 4 


other hand, ATP is only able to activate maximally at octanoate concen- 
trations of 0.001 Mm. It would appear at first glance that two mechanisms 
for the activation exist. However, the peculiar efiect of fatty acid salts 
and other surface active compounds in inhibiting enzymes has already 
been pointed out (1). Recently, Boyer has demonstrated some peculiar 
effects of octanoate in protecting serum albumin against denaturation 
(13). In view of this surface activity of octanoate toward proteins, it 
would not necessarily appear justified at present to assume two different 
activating mechanisms, since it is possible that the ATP formed durmg 
a-ketoglutarate oxidation is generated on or near the activating enzyme 
surface, and therefore not necessarily liable to the inhibition by octanoate. 
Fairbairn has recently shown that the concentration of free fatty acids 
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in normal tissues is extremely small, probably lower than 0.001 m (14). 
It is also known (15) that the concentration of adenosine polyphosphates 
in normal rat liver is relatively great, approximately 0.002 m. 

The rate of octanoate oxidation depends on the concentration of ATP. 
In the presence of 0.001 mM ATP the oxidation falls off rapidly and stops 
in 10 to 15 minutes. If more ATP is added from a second side arm, the 
oxidation is reestablished. Usually 0.002 m ATP keeps the reaction going 
for 20 to 30 minutes. : 

Malonate was included in all experiments because it inhibited effectively 
the endogenous oxygen uptake of the enzyme. 


IV 
Effect of Octanoate Concentration on Activation by Adenosine Triphosphate 


The details are exactly as given in Table III. Time, 25 minutes. ATP con- 
centration, 0.0024 


(ctanoate | Acetoace- 


Activator system Octanoate | con- (» uptake tate 

centration formation 
a-Ketoglutarate + adenylic acid... | 20 6 
0.0] — 2 
a-Ketoglutarate + adenylic acid 20 6 
+ + 0.005 Of 47 
2 2 
a-KetoglutaraTe + adenvlic acid 
+ + 0.00) So 52 
\TP — 2 2 
‘ + 0.00) 69 46 


Specific Activation by ATP—In crude liver homogenates both ATP 
and ADP activated octanoate oxidation equally well (1). When the ade- 
nine nucleotides were tested (Table V) for their ability to activate octa- 
hoate oxidation in the enzyme suspension used here (the octanoate 
concentration being 0.001 mM), only ATP was found to be active. The 
slight activation by ADP was possibly due to traces of ATP in the ADP. 
Both ADP and adenylie acid were active when a-ketoglutarate was added 
as the cooxidant. Phosphopyruvie acid, sodium pyrophosphate, di- 


phosphopyridine nucleotide, and thiamine pyrophosphate were unable 
to activate the oxidation. 
oxidation. 

Adenylic Acid Requirement during Activation by Oxidation of Cooxidants— 


ATP is therefore a specific activator for the 
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When the requirement of the different components for oxidation of octg- 
noate (activated by a-ketoglutarate oxidation in the presence of malonate) 
was studied (Table VI), it was found that adenylic acid could be omitted 
from the system without completely impairing the rate of octanoate oxida- 
tion. This was unexpected, since all experimental data presented pre. 
viously on the activation have emphasized the necessity for the presence 
of the adenine nucleotides. Furthermore, Ochoa has shown that adenine 
nucleotide is required for the oxidation of a-ketoglutarate (12). The 


TABLE V 
Specificity of Adenosine Triphosphate for Activation 
The main compartment contained 0.30 ml. of enzyme, 0.10 ml. of cytochrome ¢ 
(1 X 10-5 um), 0.10 ml. of malonate (0.01 m), 0.10 ml. of MgSO, (0.005 m), 0.10 ml. of 
buffer (0.0025 a), 0.10 ml. of adenine nucleotides or other phosphate esters (0.0025 m), 
The side arm contained 0.10 ml. of H,O or a-ketoglutarate (0.002 mM), and 0.20 ml. of 
octanoate (0.001 m) or H.O. Time, 25 minutes. 


Activator | Octanoate | Os uptake | 

| comm. : 
| + 58 36 
Adenosine diphosphate. .................... | 2 2 
| + 11 7 
| + —2 3 
ADP + a-ketoglutarate................... | — 16 7 
| + 7 42 
Adenylic acid + a-ketoglutarate........... — 16 10 
| + 76 44 
+ —2 3 
Thiamine pyrophosphate.............. 4 4 
+ 5 4 
+ 0 2 


absence of adenine nucleotide reduced the rate of a-ketoglutarate oxida- 
tion greatly, as expected, but the reduction of octanoate oxidation was 
not proportional. This was true in many experiments. ‘To determine 
whether this effect was true for other cooxidants as well, the activation of 
octanoate oxidation by a series of other cooxidants was measured with 

without added adenylic acid (Table VII). It was found that a-ket- 
glutarate was the only cooxidant which activated octanoate oxidation 
without added adenylic acid. Oxalacetate gave a slight activation in some 
experiments. It is possible that the requirement of adenine nucleotide 
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for a-ketoglutarate oxidation is smaller than for other oxidative reactions 
requiring adenylic acid, and that this requirement is met by adenine nu- 
cleotide already present in the enzyme suspension. Trichloroacetie acid 
filtrates of the enzyme (without added adenine nucleotide) showed the 
presence of considerable pentose which, if calculated on the basis that all 
of it was adenylic acid pentose, would represent about 3 X 10~* mM adenylic 
acid in the unsupplemented enzyme mixture. This pentose was for the 
most part tenaciously retained even after thorough dialysis. 

It has been shown already that a-ketoglutarate oxidation is capable 
of activating octanoate oxidation under circumstances in which ATP 
is not capable of activation (7.c. with high octanoate concentration). The 
finding that a-ketoglutarate oxidation is capable of activation without 


Tasie VI 
Components of a-Ketoglutarate Coupled System 


The experimental details are exactly as given in Fig. 1. H,O is substituted for 
the component removed. Time, 40 minutes. 


Octanoate Os uptake Acetoacetic acid 


formation 

c.mm 

Complete system | 45 5 
+ 146 SO 

No a-ketoglutarate 0 
+ —4 +2 
No Mg ** _ 23 5 
No cytochrome c — 39 7 
+ 131 71 
No adenylic acid — IS 4 


added adenine nucleotide would appear to be supporting evidence that 
octanoate oxidation can be activated by two different mechanisms, one 
by ATP and the other through the oxidation of a-ketoglutarate, but not 
necessarily involving the intermediate formation of ATP by oxidative 
phosphorylation. It has been presumed that a phosphorylated inter- 
mediate of a-ketoglutarate arises during a-ketoglutarate oxidation by 
»ntake of inorganic phosphate (to account for the esterification of inorganic 
“phate during this oxidation) (12). By analogy with pyruvate oxida- 
tion in certain bacteria, in which acetyl phosphate has been established 
as an intermediate by Lipmann (16), Ochoa has brought up the possibility 
that succinyl monophosphate may be the phosphorylated intermediate 
formed during a-ketoglutarate oxidation (12). To test the question 
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whether succinyl monophosphate is the phosphorylated intermediate 
arising during a-ketoglutarate oxidation which is capable of activating 
fatty acid oxidation, synthetic succinyl phosphate, a mixture of the mono- 
and diphosphates (6), was substituted for a-ketoglutarate in the co- 
oxidation experiments described above. This obviously impure material 
was not capable of substituting for a-ketoglutarate oxidation, with or 
without added adenylic acid. 

The possibility must be left open that.some phosphorylated intermediate 
arises during a-ketoglutarate oxidation which may be capable of phos- 
phorylating or activating the fatty acid and which does not necessarily 
act through the adenylic acid system. 


VII 
Activation of Octanoate Oxidation by Oxidation of Cooxidants in Presence and Absence 
of Adenylic Acid 
The conditions are exactly as given in Fig.1. The cooxidants are present in the 
final concentration of 0.002m. Time, 28 minutes. 


uptake 


With 0.001 
adenylic acid 


Cooxidant Octanoate | a 
No adenylic acid 


— 


comm. 

a-Ketoglutarate........ 44 19 
+ 160 OO 


| 


Oxidation of Normal Saturated Fatty Acids of Varying Chain Length— 
It was previously shown that rat liver homogenates can oxidize all the 
normal saturated fatty acids having from 2 to 18 carbon atoms (1). The 
washed enzyme suspension described here was capable of oxidizing fatty 
acids having more than 4 carbon atoms in the presence of ATP. Acetate 
was not attacked. The rate of oxidation increased with an increase in 
the length of the carbon chain. Representative data are shown in Table 
VIII. 

Sensitivity to Sulfhydryl Reagents—The oxidation of octanoate (activa- 
tion by ATP) is sensitive to certain sulfhydryl reagents. The following 
reagents, known to inhibit more or less selectively many enzymes requiring 
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a free sulfhydryl group for activity, inhibited the oxidation: 0.001 m 
jodoacetate, 10 per cent; 0.001 M iodoacetamide, 40 per cent; 5 X 10-¢ m 
p-chloromercurobenzoate, 50 per cent; 5 X 10~* mM potassium ferricyanide, 
100 per cent; 5 o-iodosobenzoic acid, 100 per cent; 1 10-4 
wiodine, 95 percent. It therefore appears that one or more of the enzymes 


Tasie VIII 
Oxidation of Different Fatty Acids 
The main compartment contained 0.60 ml. of enzyme, 0.20 ml. of cytochrome c 
(2X 10°§ Mm), 0.20 ml. of MgSO, (0.005 m), 0.20 ml. of malonate (0.01 m), 0.20 ml. of 


buffer, 0.20 ml. of adenosine triphosphate (0.0025 m). The side arm contained 0.40 
ml. of fatty acid (0.001 mM) or H.O. Time, 20 minutes. 


Oxidation No. Substrate O>;uptake | 
mm | c.mm 
] None 2 | 6 
2 Acetate 3 | Ss 
3 But vrate 17 17 
4 Octanoate 7s | 56 
5 6S 


Palmitate 112 


Taste IX 
Fatty Acid Esters As Substrates 
Exactly as given in Table VIII. The esters were finely dispersed in water in such 


concentration as to yield 0.001 M potential fatty acid concentration. Tween 40, 2.5 
per cent aqueous solution. Time, 2] minutes. 


Substrate (» uptake Acetoacetate formation 
mm: | comm. 

None... 0 2 
Sodium octanoate... | 4 
Ethyl 28 17 
Glyceryl trioctanoate 0 3 
Tween 40 2 2 

3S 


Glycery] trioctanoate + sodium octanoate. . 70 | 


of the activation-oxidation complex requires free sulfhydryl groups for 
activity. 

Necessily for Free Carboxyl Group in Fatty Acid for Activation by ATP— 
To determine whether a free carboxy! group is required for ATP activation, 
three fatty acid esters were substituted for octanoate and the rates of 
oxidation determined. Ethy! octanoate, glyceryl trioctanoate, and Tween 
40 were tested as substrates (Table IX). The latter compound is a mono- 
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palmityl ester of polyoxyalkylene sorbitol anhydride, a product of the 
Atlas Powder Company. It is water-soluble and has been successfully 
used as a lipase substrate by Gomori (17). Of these three compounds 
only ethyl octanoate was attacked, at a rate of one-third of that of sodium 
octanoate. On testing lipase and esterase activities of the enzyme suspen- 
sion, it was found that only ethyl octanoate was attacked, the other esters 
remaining unhydrolyzed. The positive oxidation of the ethyl ester must 
therefore be attributed to the oxidation of the octanoic acid liberated by 
the esterase. The insolubility or surface, activity of glycery! trioctanoate 
did not appear to be a factor in its failure to be oxidized; when sodium 
octanoate was added along with glyceryl trioctanoate, its oxidation was 
inhibited only 10 or 15 per cent by the presence of the insoluble triglyceride, 


TaBLe X 
Requirement of Diphosphopyridine Nucleotide in Aged Enzyme Preparations 


The details are given as in Table IX, with the addition of 0.10 ml. of H.O or DPN 
(5 10-*m)inthesidearm. Time,35 minutes. Octanoate (0.001 Mm) was substrate. 


Enzyme Octanoate DPN Or uptake 


In comparable experiments n-octyl alcohol and n-octaldehyde were 
not oxidized with or without the presence of ATP. It must be concluded 
from experiments of this type that a free carboxyl group is necessary for 
the activation of fatty acid oxidation by ATP. 

Requirement of DPN—When the preparations described were aged at 
0° for 3 or 4 hours, they were no longer active with the usual supplements. 
When diphosphopyridine nucleotide was added, these preparations re- 
gained nearly all of the lost activity. Diphosphopyridine nucleotide 
(DPN) therefore appears to be involved in the oxidation mechanism. 
Dialysis for 3 hours with continuous stirring resulted in inactivation which 
was not restored by DPN with or without the simultaneous addition of 
thiamine pyrophosphate and a crude preparation of flavin adenine nucleo- 
tide (about 5 per cent pure). This inactivation was also brought about 
by aging without dialysis for more than 4 hours. It could be retarded 
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by the addition of adenylic acid to the otherwise unsupplemented enzyme. 
The protective effect of adenylic acid was very pronounced. It may be 
related to the fact that considerable bound pentose is present in the prepa- 
ration even after dialysis, and that the suspension contains a very active 
§-nucleotidase which splits inorganic phosphate from added adenylic acid. 
It is possible that some essential component of the enzyme system possesses 
a conjugated protein structure which is either readily denatured or in- 
activated by enzymatic action of phosphatases, etc. 

It is clear from the data in Table X that diphosphopyridine nucleotide 
must be added to the list of cofactors concerned in fatty acid oxidation, 
a list which is evidently not vet complete. The DPN used in these ex- 
periments Was about 40 per cent pure and was free of triphosphopyridine 
nucleotide. 


DISCUSSION 


It must be concluded from this investigation that the activation of 
fatty acid oxidation by ATP and the activation by the cooxidation of 
other substrates described by Leloir and Mufioz are essentially the same 
process, ATP being the immediately necessary factor for the activation. 
Many investigators, including Leloir and Mufioz, have demonstrated that 
oxidations in the so called citric acid eycle are capable of esterifving inor- 
ganic phosphate. The mechanism of such esterification is not known, 
except in the case of glyceraldehyde phosphate oxidation (18) and in 
pyruvate oxidation in certain bacteria (16). However, it is believed that 
such oxidative esterification universally leads to the formation of 
ATP (since adenylic acid appears to be necessary in such oxidations), 
and that recovery of other phosphorylated intermediates as a result of 
such oxidations (1.¢. phosphocreatine, hexose phosphates) is a reflection 
of the presence of the corresponding transphosphorylating enzymes. The 
enzyme suspensions used in this investigation did not in general show an 
accumulation of acid-labile phosphate during fumarate oxidation. The 
high phosphatase activity of the suspensions was probably responsible. 
The addition of veast hexokinase and glucose to such a system, however, 
allowed active phosphorylation. 

The washed enzyme suspension used here represents a considerable 
concentration of the fatty acid oxidase system. The AQo, (c.mm. of 
oxygen taken up in the presence of octanoate above the oxygen uptake 
of the tissue without substrate per mg. of dry weight per hour) of these 
preparations ranges between 25 and 35. ‘This figure for liver slices ranges 
between 4 and 10 (19). 

The data presented here have been used as a starting point for a detailed 
examination of the mechanism of activation by ATP. The author’s 
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working hypothesis, namely that ATP activates the oxidation by a pre. 
liminary phosphorylation of the fatty acid (1), will be considered in detajj 
elsewhere. 

Another problem which has been approached experimentally with this 
enzyme suspension is the nature of the 2-carbon fragments, derived from 
the long chain fatty acids by oxidation, which undergo condensation to 
form the ketone bodies (20). This work will also be reported in detail, 

It is also timely to point out that the enzyme svstem described here 
is very likely the same system described by Leloir and Mufoz and must 
be considered as representing the physiological oxidation of the fatty acids 
to ketone bodies (probably lacking, however, in physiological control 
mechanisms). This point is made because a number of fatty acid de- 
hydrogenases have been described (21-23) which dehydrogenate saturated 
fatty acids anaerobically in the presence of adenylic acid or certain purines, 
vielding in at least. one case (22) unsaturated acids, with the unsaturation 
near the middle of the fatty acid carbon chain. The author considers 
the latter group of enzymes to be concerned primarily with the physiological 
regulation of the degree of saturation of the tissue lipids and not necessarily 
concerned with the energy-vielding oxidation of the fatty acids to carbon 
dioxide and water through the stage of the ketone bodies. ‘The two groups 
of enzymes differ both in properties and distribution. For instance, the 
enzyme suspension used here is unable to dehydrogenate long chain fatty 
acids in the presence of adenylic acid with the Thunberg technique, but 
it is capable of this dehydrogenation if ATP is present. On the other 
hand the second class of dehydrogenases does not require ATP but requires 
either adenylic acid (21, 22) or xanthine (23) as a coenzyme. 


The author is indebted to Dr. Philip P. Cohen for gifts of compounds, 
to Mr. Horace Gerarde for his assistance in some preparative work, and 
to Mr. N. P. Spang of the Atlas Powder Company for gifts of Tween 40 
and Tween 60. 


SUMMARY 


1. A washed rat liver suspension, supplemented with adenylie acid, 
cytochrome c, magnesium ions, and inorganic phosphate, is capable of 
oxidizing saturated normal fatty’ acids with the production of acetoacetic 
acid, but only with the simultaneous oxidation of some other oxidizable 
metabolite. 

2. The oxidation of the fatty acid can be coupled to a specific one-step 
cooxidation, that of a-ketoglutarate to succinate. 

3. The oxidation of fatty acids is completely independent of such coupled 
oxidations if adenosine triphosphate is present. This fact leads to the 
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conclusion that the coupled oxidation of other substrates activates fatty acid 
oxidation by providing ATP during the oxidative phosphorylation of 
adenylic acid. 

4. ATP is specific for the activation; adenosine diphosphate (ADP), 
adenylic acid, and other phosphate esters are inactive. 

5. The activation-oxidation complex is sensitive to sulfhydryl reagents. 

6. A free carboxy! group is necessary for the activation; fatty acid esters 
are not attacked unless a lipase or esterase is present. 

7. Diphosphopyridine nucleotide is an essential component of the fatty 
acid oxidase system. 
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EFFECT OF NICOTINIC ACID AMIDE AND SODIUM ON 
GLYCOLYSIS AND OXYGEN UPTAKE IN 
BRAIN HOMOGENATES* 


By EF. RACKER anv I. KRIMSKY 


(From the Department of Bacteriology, New York University College of Medicine, 
New York) 


(Received for publication, August 31, 1945) 


The glycolytic activity of brain tissue is rapidly lost on destruction of its 
cell structure. Geiger (1) found that when brain cells are disrupted with 
distilled water an inhibitor of glycolysis is released. By simply diluting 
a water extract of rat brain, he reduced the effect of the inhibitor and 
obtained a rate of lactic acid production from glucose by far exceeding the 
values obtained with brain slices or brain dispersions. These observations 
were confirmed by Ochoa (2). 

We attempted to obtain similar active extracts from mouse brain but 
were unsuccessful. Extracts prepared by Geiger’s method were not only 
inactive, but markedly inhibitory when added to an actively glycolyzing 
rat brain extract. It was decided to study the mechanism of this inhibition 
in the hope of finding means to eliminate the inhibitory factors and to 
obtain actively glycolyzing brain preparations. 

Evidence has been obtained that the inhibition in brain homogenates 
is caused by two components. One inhibitor affects the utilization of 
triose phosphate; the second inhibits the phosphorylation of glucose. 

Many tissues contain an enzyme which inactivates diphosphopyridine 
nucleotide (OPN). Mann and Quastel (3) have shown that the destruction 
of DPN can be prevented by the addition of nicotinic acid amide. When 
DPN and nicotinic acid amide were added to mouse brain homogenates in 
the presence of a phosphate acceptor, rapid utilization of hexose diphosphate 
took place. 

The breakdown of glucose, however, was found to be markedly affected 
by the presence of Nat. Elimination of Na* from the added reagents 
and addition of adenosine triphosphate (ATP), DPN, and nicotinic acid 
amide resulted in a rapid production of lactic acid from glucose. 


EXPERIMENTAL 


Methods 


Swiss albino mice (CFW strain, Carworth Farms) were used. The 
animals were killed by decapitation, and the brains removed immediately. 


* Aided by a grant from The National Foundation for Infantile Paralysis, Inc. 
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Homogenates were made by grinding the brain thoroughly in a mortar and 
then diluting the suspension with 10 volumes of distilled water, which wag 
added in small portions. Glass-distilled water was used throughout. 

Lactic acid was determined by the method of Barker and Summersop 
(4). Glucose was estimated according to the procedure of Shaffer and 
Somogyi (5) with a protein-free filtrate prepared according to West, 
Scharles, and Peterson (6). The acid-soluble phosphate fractions were 
determined after conversion to orthophosphate by the methods developed 
by Meverhof and his school (7). : 

Another method of following the utilization of glucose or hexose phos- 
phates is based on the decolorization of methylene blue in Thunberg tubes, 
Glucose and the hexose phosphate esters are broken down to triose phos- 
phate by the brain homogenate, which then decolorizes methylene blue 
through the triose phosphate dehydrogenase enzyme system. For rapid 
preliminary determinations of the optimal activity of the brain homogenates 
under various conditions this method was tound to be very useful. For 
determinations of oxygen uptake the conventional manometric methods 
with the Warburg-Barcrott apparatus were emploved. 


Materials 


DPN of 55 to 70 per cent purity was prepared trom bakers’ veast (Fleisch- 
mann) by the method of Williamson and Green (8), as modified by Ochoa! 
The barium salt of ATP was prepared from rabbit muscle essentially accord- 
ing to the procedure of Lohmann (9). The calcium salt of phosphocreatine, 
freed from sodium by reprecipitation from alcohol, was synthesized accord- 
ing to the method of Zeile and Fawaz (10). The calcium salt of hexose 
diphosphate was a commercial product obtained from the Schwarz Labora- 
tories, Inc., New York. All reagents were converted into the potassium or 
ammonium salts and brought to a pH of 7.4 with KOH and HC! before 
use. 


Results 


Glycolysis by Extracts of Mouse Brain—It can be seen from the data in 
Table I that in mouse brain homogenates prepared with saline, about 4007 
of lactic acid are formed from glucose per 100 mg. of wet weight of brain 
per hour. When distilled water is used instead of saline, very small 
amounts of lactic acid are formed. <A diluted brain extract prepared 
according to Geiger (1) from young rats actively utilizes glucose anaerobi- 
cally, while a similar extract from mouse brain is inactive. Moreover, 
such an extract of mouse brain inhibits completely an actively glycolyang 
rat brain extract. 


1 Ochoa, 8S., personal communication. 
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Metabolism in Brain Homogenates—To investigate further the effect of 
distilled water on brain metabolism, activities of several brain dehydro- 
were examined by the Thunberg method in which saline homogenates 
were compared with distilled water preparations. It was apparent that all 
dehydrogenases which require DPN were markedly inhibited in the distilled 
water preparations, while the succinic acid dehydrogenase, which does not 
require DPN, was not significantly affected. The results of a typical 
experiment are shown in Table IT. 
An enzyme which destroys DPN (referred to here as DPNase) has been 
shown to occur in many tissues. Mann and Quastel (3) demonstrated 


[ 
Inhibition of Glycolysis by Extracts of Mouse Brain 


The brain preparation was made according to the method of Geiger with 4 volumes 
of distilled water. 0.2 ml. of extract was used in each Warburg vessel. The final 
concentrations of the solutions in a 2 ml. volume were glucose, 0.016 m; NaHCO,, 
0.016 m; MgCl., 0.0035 mM; sodium phosphate-potassium phosphate buffer, pH 7.3, 
0.01 a; DPN (diphosphopyridine nucleotide), 0.0004 ma; ATP (adenosine triphos- 
phate),0.001m. Incubated for 1 hour at 37°in the Warburg-Barcroft apparatus with 
nitrogen containing 5 per cent CO, as the gas phase. 


| Brain preparation | Additions* 
NO, 

| | 7 
1 | Mouse brain, saline homogen- | Glucose} NaHCO, 400 

| ate | 
2 | Mouse brain water extract | 100 

(Geiger) | MgCl, phosphate, 

| ATP, DPN 
3 Rat brain, water extract Same as Experiment 2 1275 
4 Same as Experiment 3 + 0.2 ig a 2 180 

| mil. mouse brain extract 


* Glucose was tipped in from the side bulb at the beginning of the experiment. 


that this enzyme is inhibited by nicotinic acid amide which counteracts 
the destruction of DPN. The effect of adding DPN and nicotinic acid 
| amide to distilled water and saline homogenates of brain is recorded in 
Table IIT. 

The results shown in Table III suggest that in brain homogenates pre- 
pared with distilled water DPN is much more rapidly inactivated than when 
saline is used. This may well be due to the cytolytic effect of distilled 
water and to the release of DPNase into solution. 

The inhibition of DPNase is a function of the concentration of nicotinic 
acid amide. While low concentrations were ineffective in preventing the 
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TaBLeE II 


Comparison of Dehydrogenase Activities in Saline and Water Homogenates 
of Mouse Brain 


The brain preparation was made by grinding and diluting with 10 volumes of dig. 
tilled water or saline. 0.5 ml. of homogenate was used for each experiment. The 
final concentrations of the solutions in a 3 ml. volume were sodium phosphate buffer, 
pH 7.3, 0.02 mM; methylene blue, 0.00013 M, tipped in from the side bulb at the begin. 
ning of the experiment. Incubated at 37° in evacuated Thunberg tubes. End. 
point, complete decolorization. 


Mouse brain homogenate | | Reduction time 
| min 
ae Saline | Lactate, 0.025 | 6.5 
| Succinate, 0.02 | 8.5 
Pyruvate, 0.018 | 7.0 
4 | si Glutamate, 0.01 | 12.0 
5 | | 28.0 
S 4 Water Lactate, 0.025 | 109.0 
7 35 | Succinate, 0.02 | 12.0 
| Pyruvate, 0.018 | 108.0 
Glutamate, 0.01 | > 180.0 
10 | > 300.0 


| 

Effect of Nicotinic Acid Amide on Dehydrogenase Activities of Brain Homogenates 
The experimental conditions were as in Table II. The Thunberg tubes were 
incubated for 10 minutes at room temperature after nicotinic acid amide (NAA) 
0.0095 m, and diphosphopyridine nucleotide (DPN), 0.0002 Mm, were added to the brain 
homogenates. Methylene blue, 0.00026 M, was tipped in from the side bulb of the 
evacuated Thunberg tubes at the beginning of the experiment. 


ons 

Mouse brain homogenate Substrates in molar 
Ne. DPN | NAA 
min 

] Saline + ~ Lactate, 0.02 13.0 
2 + | + 0.02 7.0 
3 | + (slucose, 0.016 | 10.0 
4 | + | 0.016 8.5 
5 Water + — Lactate, 0.02 108.0 
6 + 0.02 | 8.0 
7 “ + | — | Glucose, 0.016 47.0 
+ + 0.016 8.0 
9 | - + —  Hexose diphosphate, 47.0 

| 0.0) | 


* When glucose or hexose diphosphate was used as substrate, 0.001 mu adenosine 
triphosphate was ad@@d to act as the phosphate-transferring agent. 


| 


fc 


ef 


T 


th 


d 
0. 
el 
Ut 
re 
a 
ne 
h 
in 
- - ~ 8 


E. RACKER AND I. KRIMSKY 457 


destruction of DPN, higher concentrations were found to be inhibitory 
for the dehydrogenase systems tested. An optimal range of nicotinic 
acid amide concentration had to be established with the experimental 
conditions used, since changes in its concentration considerably alter the 
efiect of phosphate buffer on reduction time, as shown in Table IV. 

When glucose was used as substrate tor brain homogenates to which 
suitable amounts of ATP, DPN, and nicotinic acid amide were added, it 
was found to be utilized only half as rapidly as hexose diphosphate. This 
pointed to the phosphorylation of hexose as the pace-maker of the reactions, 


TaBLe IV 


Effect of Phosphate Concentration on Destruction of Diphosphopyridine Nucleotide in 
Presence of Nicotinic Acid Amide 


The experimental conditions were as in Table III. Substrate, sodium lactate, 
0.025 M. 


Additions | 


Phosphate buffer | Nicotinic acid amide | 

M | me. | min. 
] 0.02 | 0.2 | 51.0 
0.0033 | 0.2 | 122.0 
2 0.02 | OLS | 11.0 
0.0033 | OLS 33.0 
3 0.02 | 4.0 9.0 
0.0033 4.0 11.0 
4 0.02 32.0 | 11.0 
0.0033 32.0 14.0 
5 0.02 100.0 74.0 
0.00383 | 100.0 49.0 
6 0.02 | 116.0 


0.0033 | 150.0 


either because of a low concentration of the enzymes required or due to 
other factors involved in phosphate transfer. 

Effect of Sodium on Glycolysis Potassium and sodium ions have been 
reported to influence phosphorylations (11, 12). When potassium or 
ammonium buffers were used instead of sodium salts and all solutions 
neutralized with KOH, a striking increase in glycolytic activity of brain 
homogenates occurred. 

With glucose as substrate, addition of 0.04 Mm NaCl produced a marked 
inhibition which was absent when hexose diphosphate was used as substrate. 
To investigate further the mechanism of the sodium inhibition a balance 
sheet was drawn up for glucose disappearance, lactic acid production, and 
the acid-soluble phosphate fractions (Table V). 
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It became apparent that not only was lactic acid production affected by 
Na*, but also hexose phosphate esters failed to appear. The values for 
the P fraction obtained by subtracting the P after 7 minutes hydrolysis jn 
N HCl from the total acid-soluble P represent chiefly the hexose phosphate 
and phosphoglyceric acid which are formed during glycolysis as well ag ] 
P atom in ATPand the phosphorus in DPN which were added to the glycolyz- 
ing system. On correction for the two latter compounds, it was found that 
no phosphate esters are formed in the presence of added Nat. Negligible 
amounts of glucose disappear. 


TaBLe V 
Effect of Sodium and Phosphocreatine on Glycolysis by Brain Homogenates 


The brain preparation was made by grinding and diluting with 10 volumes of 
distilled water. 0.3 ml. of homogenate was used per experiment. The final concen- 
trations of the solutions in a 2 ml. volume were ammonium phosphate buffer, pH 7.3, 
0.005 mM; KHCOs, 0.008 m; MgCl., 0.0035 ma; ATP (adenosine triphosphate), 0.001 m; 
DPN (diphosphopyridine nucleotide), 0.0004 mM; nicotinic acid amide, 0.012 m; 
glucose, 0.012 mM; DPN was tipped in from the side bulb at the beginning of the exper- 
iment. Incubation at 37° for 1 hour in evacuated Thunberg tubes. 


Additions | Change after 1 hr. 


Experiment | 
No. | 


Phospho- | NaCl | ATP P* | Ester P* | Glucose Lactic acid 


creatine 


| 
u | micromoles | micromoles | micromoles | micromoles 
| | OO... 1 46882. 
| | +£1.77 | 46.7 | —15.3 | 
| O88 0.0 | —0.5 +2.4 
| 0.04 +0.5 | 


0.0055 


* ATP P was determined by subtracting the direct P values from the P values 
obtained after 7 minutes hydrolysis in nN HCI at 100°. No correction was made for 
partial bydrolysis of hexose diphosphate. Ester P represents the difficultly hydrolyz- 
able P esters obtained by subtracting the P values after 7 minutes hydrolysis from the 
total acid-soluble P. 


Effect of Phosphocreatine on Glycolysis by Brain Homogenates—Addition of 
phosphocreatine to brain homogenates stimulates lactic acid formation. 
This effect is partially due to the shift in pH toward the alkaline side, 
4 resulting from the breakdown of phosphocreatine, thus buffering the acids | 
4 produced in the course of glycolysis. The large quantities of lactic acid 
| produced quickly bring the pH below 6.0 and difficulties have been en- | 
y countered in finding a suitable buffer which does not inhibit glycolysis when 
used in adequate concentrations. Finally a combination of 0.005 m am- 
monium phosphate buffer and 0.008 m potassium bicarbonate was found 
suitable. Under these conditions the addition of phosphocreatine in the 
absence of added Na* has relatively little effect. However, in the presence 
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of Nat, phosphocreatine was found effective in restoring the diminished 


glycolytic activity (Table V). ‘This may be due to the maintenance of an 
effective ATP concentration by way of the reaction ATP + creatine = 
ADP + phosphocreatine, thus compensating for the rapidly acting ATPase 
in the brain tissue. No direct evidence is available for this view, which, 
however, is suggested by the marked increase of the P fraction after 7 min- 
utes hydrolysis when phosphocreatine is present (Table V). According to 
this view the Na* effect would be localized in the phosphorylation of the 
adenvlic acid system, which is required for the phosphorylation of glucose 


140 


CMM. OXYGEN 


40 


20 


° 10 20 30 40 $0 60 


MINUTES 


Fic. 1. Effect of sodium and phosphocreatine on oxygen uptake by brain homoge- 
nates. The brain preparations and solutions were as given in Table V. Oxygen 
uptake was measured in Warburg-Barcroft manometers. Curve 1, no glucose; Curve 
2,0.024 mM glucose; Curve 3, 0.024 ™ glucose plus 0.0055 m phosphocreatine; Curve 4, 
0.024 m glucose plus 0.08 m NaCl; Curve 5, 0.024 m glucose, 0.08 Mm NaC! plus 0.0055 m 
phosphocreatine. 


and the hexose monophosphates. Boyer, Lardy, and Phillips (11) reported 
a stimulating effect of potassium on phosphorylation of the adenylic acid 
system in muscle preparations and also noted an inhibitory effect of Na* in 
high concentrations. 

On the other hand, Ohlmeyer and Ochoa (12), who first described an 
inhibitory influence of Na* on the phosphate transfer from phosphopyruvic 
acid to glucose in veast extracts, noted a much more pronounced inhibitory 
efiect of Na* in the presence of DPN, than with adenylic acid. Further- 
more, in preliminary studies we have noted that Na* is without effect not 
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only on the lactic acid production from hexose diphosphate but also from 
glucose-6-phosphate and fructose-6-phosphate. This would point to a 
localization of the Na* inhibition on the phosphorylation of glucose rather 
than on the adenylic acid system, which is also required for the phosphory- 
lation of hexose monophosphates. 

- The inhibitory effect of Na+ was also demonstrable under aerobic condi- 
tions. Fig. 1 represents a typical experiment. Oxygen uptake of the 
homogenates in the presence of glucose by far exceeded the optimal values 
for oxygen uptake by brain slices as recorded in the literature. QO. values 
between 20 and 30 for the Ist hour were obtained. Na* (0.08 M) strongly 
inhibited and phosphocreatine partially counteracted this inhibition (Fig. 1). | ( 

By the addition of DPN, ATP, nicotinic acid amide, and phosphocreatine I 
and the exclusion of Na*, homogenates were prepared from mouse brain 
which anaerobically regularly formed 7.5 mg. of lactic acid per 100 mg. of 
wet weight of brain per hour, and aerobically gave QO. values between 
20 and 30. 


DISCUSSION 


+ 


The presence of inhibitors to proteolytic enzymes in tissues has long been 
recognized. More recently the réle of normally occurring inhibitors has 
been noted in the in vitro studies of carbohydrate and fatty acid metabolism _{ 
(1, 13). The destruction of ATP and DPN by adenosinetriphosphatase 0 


A 
= 
7 
4 
4 


(ATPase) and DPNase, which are widely distributed in animal tissues, 
interferes with many evaluations of enzyme concentrations and kinetic | 

4 studies of impure enzyme preparations. t! 

q The presence of normal inhibitors complicates also the evaluation of the 

4 many conflicting reports on tissue glycolysis which have appeared in the 
| literature. The use of NaCl, KCI, or water for the preparation of the en- 
4 zyme solution may affect even the order of magnitude of the reaction rates. 
} The choice of one or the other of these compounds can also determine the 
| 4 
»: pace-maker in complex enzyme reactions such as those involved in glycolysis | § 
D and thus simulate differences in the susceptibility to inhibitors. Studies ¢ 
7 on the specificity of inhibitors, such as glyceraldehyde, and claims of a ‘ 
4 pathway of glucose breakdown not involving phosphorylation by brain 
; tissue must be reexamined in consideration of the presence of normal 10 
inhibitors. 1 
j Our own results (see Table V) make the presence of a non-phosphoryl- I2 
4 ating pathway for glucose breakdown under our experimental conditions 3 
| likely. Negligible amounts of glucose disappear in the presence of Na* | 1) 
{ unlikely gligib u glu sappear in the prese 15 

a and with the addition of phosphocreatine the disappearance of inorganic P 

~ is proportional to the utilization of glucose. 
Shortly before the present work was completed, Utter and Reiner (14) 


i 


15. Klein, J. R., Federation Proc., 4, 94 (1945). 
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and Klein (15) reported briefly on the réle of nicotinic acid amide on brain 
metabolism. Utter and Reiner prepared actively glycdlyzing rat brain 
homogenates by addition of hexose diphosphate, ATP, DPN, and nicotinic 
acid amide. These results have been fully confirmed by our studies on 
mouse brain. Hexose diphosphate, in common with phosphocreatine, 
counteracts the sodium inhibition. In our studies on the inhibition of the 
first steps of glycolysis it was necessary to avoid the use of hexose diphos- 
phate because of its rdle as a substrate whose utilization is not inhibited by 
Na*. 

It may be pointed out that the well known effect of hexose diphosphate 
on the induction period of veast fermentation may well be linked to a similar 
phenomenon and point to the presence of ‘normal’ inhibitors in yeast. 


SUMMARY 


1. Two factors inhibiting glycolysis have been found in mouse brain 
homogenates. One of these is DPNase, the enzyme acting on DPN, which 
can be counteracted by addition of nicotinic acid amide, as demonstrated by 
Mann and Quastel. The second inhibitor was found to be Na*, which can 
be counteracted by phosphocreatine. 

2. The preparation of mouse brain homogenates, capable of producing 
from glucose anaerobically 7.5 mg. of lactic acid per 100 mg. of wet weight 
of brain per hour and having a QOs» of 20 to 30 is reported. 


The authors wish to thank Dr. Severo Ochoa for his suggestions and help 
throughout this work. 
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THE INFLUENCE OF AGE AND DIET ON THE LIPID 
COMPOSITION OF THE RAT* 


By HAROLD H. WILLIAMS, HARRY GALBRAITH, MILDRED KAUCHER, 
anp ICIE G. MACY 


(From the Research Laboratory of the Children’s Fund of Michigan, Detroit) 
(Received for publication, September 4, 1945) 


The variations in magnitude of the structural organization of proto- 
plasm when referred to successive intervals of time (or as has been said, 
when equated with time) characterize the “phenomenon of growth” in 
living organisms (1). The chemical changes occurring in the body during 
growth, or with age, which is the reference point in time for the living 
organism, are of the utmost interest to the biochemist. A goal in this 
respect, as has been stated (2), is ultimately to ‘‘detect these changes 
and define them in terms of quantitative biochemistry.”’ 

The extensive studies reviewed by Moulton (3) and McCay (2) amply 


attest the marked alterations in the chemical composition of the body 


during growth and aging. Certain of the changes that occur with age 
may be the result of disease, and therefore difficult to evaluate. On the 
other hand, Moulton (3) concludes that, on the fat-free basis, ‘‘mammals 
show a rapid decrease in relative water content and increase in protein 
(nitrogen) and ash content from earliest life until the time of chemical 
maturity is reached.’”’ His calculations were made on a fat-free basis, 
since ‘‘the most striking change in the composition of mammals with 
increased age and development is the increase in the fat content” (3). 

Recently, however, it has become increasingly apparent that not all 
fatty materials comprising animal substances are merely stores or depots 
of surplus energy, but that certain lipids are essential components of tissues 
and integral parts of the cellular structure (4, 5). Phospholipid, choles- 
terol, and cerebrosides are included in the latter category, neutral fat 
or triglyceride in the former. Thus, fundamental changes in the composi- 
tion of animals coincident with growth and with aging may be obscured 
if the data are calculated on a fat-free basis, especially if ‘‘fat-free’’ implies, 
as originally, freedom from all lipid substances. For, as stated by Ham- 
mett (6), “Growth is not single, it is multiple, the combined expression 
of integrated developmental and incremental factors, processes and func- 
tions’ and represents “the continued increase in living and essential 
structural substance.’’ Part I of the present study deals with the effect 


* A preliminary report of Part I of this paper was presented before the Division of 
Biological Chemistry of the American Chemical Society at the 105th meeting at 
Detroit, Michigan, April 12-16, 1943. 
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of aging on the lipid composition of the body, with special emphasis on 
the differentiation of the total lipid into (a) the storage or reserve fat and 
(b) the “essential” or structural fatty components. 

Growth is a function of two factors, heredity and environment (7), 
and, since the latter is amenable to variation, the effect of diet, one of 
the most significant environmental factors, also was studied. Part I] 
deals with the effect of high and low fat diets on the lipid composition 


4 
on 
4 
4 


: of the body during the most active period of growth. The influence of 

4 high and low fat diets on the composition of the reserve, or depot fat, 
4 has been studied extensively (8, 9). However, relatively little is known | 
5 of the possible effect of such dietary variations on the relative distribution } 
in the body of the “essential” lipid components. 
% Part I. Influence of Age on Lipid Composition of Body 

EXPERIMENTAL 

| From a colony of rats with the same heredity and dietary background 

; (Rockland stock diet) new born rats and others which were 15, 45, and 

: 70 days old were selected. The whole body of each animal (minus the , 
4 contents of the intestines) was ground in a food chopper, frozen, and dried 


from the frozen state under a vacuum (10). The dried material was 
extracted with hot ethanol, then with ethyl ether. The final combined 
extract represented approximately a 3:1 mixture of alcohol-ether and was 
analyzed for choline, sphingomyelin, total and tree cholesterol, galactose, 
and acetone-soluble glycerol. 

For determination of total phospholipid, a portion of the alcohol-ether 
extract was evaporated at less than 50°, under reduced pressure, in a stream 
of nitrogen. The residue was extracted with petroleum ether, and the : 


; petroleum ether extract was analyzed for total phosphorus.' The analyti- ) 
; cal procedures have been published in detail elsewhere (11). From the | 
4 analyses, total phospholipid, choline phospholipid, cephalin, lecithin, ) 
‘ cholesterol esters, cerebrosides, and neutral fat were calculated (5). 
Results 
} The lipid composition of the body of new born rats and animals 15, 45, 
fi and 70 days old is presented in Table I. The total lipid content of the ' 
! Total phosphorus of the alcohol-ether extract of the whole animal could not be i 
used for the calculation of the total phospholipid, since, by repeated isolation of the ( 
phospholipid, it was shown that significant amounts of phosphorus other than phos- § 
pholipid phosphorus were present in the alcohol-ether extract. This is true only 
for extracts made from the whole animal body and appears to result from the presence 
of bone. When bone was not present in the sample, we have found that the total ‘ 


phosphorus content of the aleohol-ether extract represents the phospholipid content. 
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new born rats was found to be 21.26 per cent, approximately one-fifth 
of the dry body weight. After 70 days, the total lipid had doubled in 
concentration and composed 40.72 per cent of the dry weight. However, 
this significant accumulation of fat during rapid growth does not represent 
the actual structural changes which are occurring in the tissues. The 
neutral fat, or storage lipid, fraction increased from 11.72 per cent at 
birth to 35.50 per cent of the dry weight at 70 days of age, a 3-fold increase. 
On the other hand, the essential lipid (total lipid minus neutral fat) which 
represents the structural lipid components showed a substantial drop in 
concentration from birth (9.54 per cent) to 70 days of age (5.22 per cent). 
Although all of the lipids composing the essential lipid follow the same 
trend, it is apparent that they do not decrease proportionally. Further- 


TaBLe | 
Lipid Content of Rats at Different Ages 
The values are in per cent of dry weight. 


New born, 15 days old, 45 days old, 70 days old, 

28 animals 6 animals 4 animals 2 animals 
21.26 26.68 | 38.23 40.72 
11.72 19.60 | 32.34 35.50 
Essential lipid. ...... 9.54 7.08 | 5.89 5.22 
1.15 1.17 | 1.07 1.04 
Free cholesterol........... 0.95 0.49 | 0.34 0.25 
Cholesterol esters.......... 0.42 0.22 0.22 0.30 
ee 7.02 5.20 4.26 3.63 
SRS 1.37 2.13 | 2.50 1.82 
Lecithin 1.42 1.35 
Sphingomyelin. 0.43 | 0.47 | 0.34 0.4) 


more, the composition of the phospholipid is markedly altered as growth 
proceeds. The proportion of lecithin in the total decreases, whereas 
cephalin increases. 

To give a true picture of the structural changes occurring during growth, 
it is necessary to eliminate the variable influence of the storage fat. There- 
fore, in Table I1, the essential lipid composition of the rat at different ages 
has been given on the basis of the neutral fat-free dry weight. The con- 
centration of the essential lipid showed a downward trend between birth 
and 70 days, from 10.81 to 8.09 per cent. The most significant change 
occurred between birth and 15 days of age, with a drop from 10.81 to 
8.80 per cent. 

It is apparent, however, that the changes in the essential lipid components 
are not parallel. Both phospholipid and free cholesterol decreased in 
concentration with advancing age. Cerebrosides mcreased from a con- 
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centration of 1.30 per cent at birth to 1.61 per cent at 70 days of age. The 
chalesterol ester content at birth was 0.48 per cent of the neutral fat-free 
dry weight; after 15 days it had dropped to 0.27 per cent, but at 70 days 
it had risen to 0.47 per cent. 

The partition of the phospholipid shows the marked changes that occur 
in this lipid fraction as growth progresses. Lecithin and cephalin showed 
inverse trends up to 45 days of age; the lecithin decreased and the cephalin 


Tasre Il 
Essential Lipid Composition of Rats at Different Ages 
The values are in per cent of neutral fat-free dry weight. 


| New born 15 days old | 45 days old | 70 days old 
Essential lipid............... | 40.81 8.80 | 8.70 8.09 
Cerebrosides................ | 1.30 1.46 1.58 1.61 
Free cholesterol..............| 1.08 | 0.61 0.50 0.39 
Cholesterol esters......... 0.48 0.27 0.33 0.47 
Phospholipid.................| 7.95 6.46 6.29 5.62 
2.66 | 3.60 2.82 
0.49 058 0.50 0.71 
Tasce III 
Percentage of Lipid Distribution 
Total lipid Neutral fat 87 
Essential lipid 45 ie 13 
Essential lipid Cerebrosides 12 17 18 20 
Free cholesterol 10 ee 6 5 
Cholesterol esters | 4 Batty 4 6 
Lecithin 33 | 37 
Sphingomyelin | _ 9 


| 


increased in concentration. After 70 days lecithin remained unchanged, 
whereas the cephalin showed a significant drop in concentration. Although 
sphingomyelin showed no consistent trend, the concentration changed 
from 0.49 per cent at birth to 0.71 per cent at 70 days of age. 

The effect of growth on the lipid pattern is presented in Table III. The 
tremendous changes in the lipid composition of the body are striking. The 
neutral fat fraction composed 55 per cent of the total lipid at birth, whereas 
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at 70 days it made up 87 per cent of the total. The largest component 
of the essential lipid, phospholipid, comprised 74 per cent of the total 
at birth and fell to 69 per cent at 70 days of age. In contrast, cerebrosides, 
the second largest constituent of the essential lipid, were 12 per cent of 
the total at birth, but rose to 20 per cent at 70 days. Although the choles- 
terol fractions are minor components of the essential lipid, at least quanti- 
tatively, they show significant alterations during growth. In percentage 
of essential lipid, free cholesterol decreased from 10 per cent at birth to 
5 per cent of the total at 70 days, while the cholesterol esters were 4 per 
cent at birth, but composed 6 per cent of the total at 70 days of age. 

Similar to that of the essential lipid, the pattern of the phospholipid 
components shows marked changes with advancing age. Cephalin made 
up one-fifth of the total at birth but increased to one-half at 70 days of 
age. Likewise, the smallest fraction of the phospholipid, sphingomyelin, 
increased from 6 to 13 per cent. Consequently, the lecithin fraction which 
comprised three-quarters of the total phospholipid at birth made up little 
more than one-third (37 per cent) of the total at 70 days of age. 


Part Il. Influence of Diet on Lipid Composition of Body* 
EXPERIMENTAL 


At weaning (22 days of age) four male rats were taken from each of 
fifteen litters and litter mates were placed in different groups, making four 
groups of fifteen rats each. The animals were distributed so that the 
total weights of each of the groups were approximately equal. The animals 
in one group, designated control, were killed immediately, the contents 
of the intestines removed, the whole body ground in a food chopper, frozen, 
and dried from the frozen state under a vacuum (10). Each of the re- 
maining three groups was placed on a special diet, and each rat was fed 
3000 calories, after which it was killed and the whole body ground and 
dried as described. The three diets contained the same ingredients: 
casein, sucrose, salt mixture,*? Crisco, dextrin, and vitamin supplements.* 
The only variations were in the amounts of Crisco and dextrin, which 
together furnished 77.2 per cent of the caloric intake and were altered 
isodynamically to produce high or low fat and carbohydrate diets. In 
the group designated as adequate, Crisco and dextrin each furnished 38.6 
per cent of the total calorie intake; in the group designated high fat, Crisco 


* This is the initial report of a series of studies upon the effects of diet upon growth 
and the approximate composition of animal tissues. 

* Wesson’s salt mixture (12). 

‘Dietary supplements (three times weekly): ryzamin-B No. 2, 200 mg.; Lilly’s 
liver-stomach extract, 100 ml.; White’s concentrated cod liver oil, 50 mg.; wheat germ 
oil, 40 ml.; linoleic acid, 20 mg.; and choline chloride, 35 mg. 
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and dextrin furnished, respectively, 67.9 and 9.3 per cent of the calories; 
and in the group designated high carbohydrate, these foods furnished 9.3 
and 67.9 per cent, respectively. The amounts of all the remaining dietary 
ingredients were the same in each diet. Feeding was controlled (the food 
intake being weighed three times per week) so that all animals consumed 
their diets in approximately the same number of days (average, 66). Each 
animal was kept alone in a false bottom cage and allowed water ad libitum. 
The vitamin supplements were fed to each animal, separately, three times 
weekly. After the animals were killed at the end of the dietary period, the 
whole bodies were ground in a food chopper, frozen, and dried. 10 per 
cent of the dry material from each rat was used to make four composites, 
each composite representing one of the diet groups. The composites 
were extracted and the lipids determined, as described in Part I. 


TaBLeE IV 
Effect of Diet on Lipid Composition of Rats 


The values are in per cent of dry weight. 


: Control Adequate diet | High fat diet te ny 2 
Free cholesterol __.. | 0.43 | 0.15 | 0.14 | 0.15 
Cholesterol esters 0.75 | 0.14 0.14 | 0.25 
Phospholipid... ..... 5.46 | 2.36 2.26 2.52 
Cephalin........ 2.49 0.54 0.97 1.0] 
Sphingomyelin 0.67 | 0.31 0.36 | 0.38 

Results 


The lipid distributions of the composites of whole bodies of rats before 
(control) and after ingestion of 3000 calories of the experimental diets 
(adequate, high fat, and high carbohydrate) are presented in Table IV. 
The results show that all of the experimental diets produced a large storage 
of fat, although it is evident that much less fat was stored on the high 
carbohydrate than on the other diets. The high carbohydrate diet appears 
to have influenced the lipid composition of the body with respect to such 
essential lipid components as cerebrosides and cholesterol. However, 
the differences in neutral fat are such as to obscure the significance of 
these changes. Therefore, the distribution of the essential lipid is given 
in Table V in terms of neutral fat-free dry weight. 

No significant differences in the structural (essential) lipid distribution 
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in the -bodies of rats fed the adequate or high fat diets are evident. The 
data show a decreased concentration of the phospholipid and cholesterol 
components and an increased content of cerebrosides over that of the 
control. These changes are typical of advancing age, as shown in Part 
I, and are not the result of diet. However, the high carbohydrate diet 
appears to have produced marked differences in the essential lipid dis- 
tribution. 

The phospholipid component appears to be least affected by the high 
carbohydrate diet, although the concentration (3.72 per cent) was lower than 
that for the adequate (3.97 per cent) or the high fat diet (4.12 per 
cent). The decreased concentration that occurs as growth proceeds is 
apparent, inasmuch as the controls contained 5.98 per cent phospholipid. 
The most significant effect appears to have been on the content of cere- 


V 
Effect of Diet on Essential Lipid Composition of Rats 


The values are in per cent of neutral fat-free dry weight. 


| Control Adequate diet | High fat diet en ote 

8.62 | 7.13 | 7.19 5.51 
a 1.35 | 2.67 | 2.55 | 1.20 
Free cholesterol............. 0.47 0.25 | 0.26 
Cholesterol esters... | 0.82 0.24 | 0.26 0.37 
Phospholipid 5.98 3.97 | 4.12 3.72 
Cephalin 2.73 1.41 1.77 1.49 
Lecithin. | 2.52 2.04 1.69 1.67 
Sphingomyelin ............ 0.73 0.52 0.66 0.56 


brosides. The animals contained only 1.20 per cent cerebrosides in con- 
trast to 1.35 per cent for the controls and 2.67 and 2.55 per cent for the 
adequate and high fat groups, respectively. Likewise, the concentration 
of free cholesterol was less in the high carbohydrate-fed rats than in 
the other dietary groups. Contrariwise, cholesterol ester synthesis 
appears to have been greater on the high carbohydrate diet. 

The lipid distribution pattern is given in Table VI. It is apparent 
that the type of diet had little or no effect on the proportion of essential 
lipid and storage lipid or fat. In all diet groups 90 per cent or more of 
the total lipid was neutral fat, despite the fact that there was much less 
total lipid, and therefore neutral fat (Table IV) in the animals fed the 
high carbohydrate diet than in those fed either the adequate or high fat 
diets. The patterns of the components comprising the essential lipid, 
however, demonstrate the marked differences between the high carbo- 
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hydrate diet and the other dietary régimes. Those for both the adequate 
and the high fat diets are practically identical. <A little more than one- 
half (56 to 57 per cent) of the essential lipid material was phospholipid 
and a little more than one-third (36 to 37 per cent) was cerebroside. The 
remaining 7 per cent was about equally divided between free cholesterol 
(4 per cent) and cholesterol esters (3 per cent). In contrast, the essential 
lipid pattern of the animals fed the high carbohydrate diet showed 67 
per cent phospholipid and only 22 per cent cerebroside. Further, although 
the free cholesterol value was similar (4 per cent), the cholesterol ester 
content was more than double (7 per cent) that for any of the other dietary 
groups. In fact, the essential lipid pattern of the high carbohydrate 
group Is little different from that of the control group. 


Taste VI 


Percentage of Lipid Distribution 


Control  Adeduate High fat 
| | diet | diet drate diet 


Total lipid Neutral fat 90 
Essential lipid 47 | i) | S 10 

Free cholesterol | 4 4 

Cholesterol esters 4 7 

Total phospholipid Cephalin 40 
Lecithin 41 45 
Sphingomvelin | ites 13 | 16 15 


The distrfbution of the individual phospholipids in terms of total phos- 
pholipid shows little significant alteration as the result of diet differences, 
Sphingomyelin composed 12 to 16 per cent of the total for all groups and 
the remainder was about equally distributed between cephalin and leci- 
thin. 


DISCUSSION 


The effect of aging and diet on the lipid composition of the rat has been 
studied during the period of most rapid growth by that animal species. 
The experiments in Part I encompassed the period from birth to 70 days | 
of age; those of Part II covered the period from 22 to approximately 88 
days of age, since the average time the animals took to consume 3000 | 


a calories was 66 days. 
7 The results in Part I show the tremendous increase in fat content of 
the body during growth and aging, and confirm previous studies on rats 
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and other species. The changes in body composition are marked by 2 
2-fold increment in the proportion of total lipid to total dry weight, from 
one-fifth of the dry weight at birth to two-fifths at 70 days. That this 
seemingly physiological alteration in body composition is not greatly 
limited by requiring the body to secure the fatty substances from energy 
sources other than fat (in this case largely by synthesis from carbohydrate ) 
is demonstrated by the results of feeding a high carbohydrate diet. 

However, the present experiments were not designed to investigate 
this particular phase of fat metabolism, which has been extensively studied 
by others. Rather, the purpose was to determine the influence of aging 
and diet upon the lipid components essential to cell structure and function. 
To accomplish this, it is necessary to separate the storage lipid and the 
essential lipid fractions in the total lipid. The data amply demonstrate 
the importance of such a differentiation. ‘The changes which occur in the 
total lipid content of the body in response to either aging or diet are a 
reflection of the alterations in the neutral fat fraction, since this component 
usually composes, under a wide variety of conditions, 50 to 90 per cent 
of the total lipid. Therefore, for the study of the lipid structural changes 
in the tissues, it is necessary to base the calculations on the neutral fat-free 
composition. 

On that basis, certain fundamental changes in the essential lipid com- 
position of the body take place during growth and development. The 
total phospholipid and free cholesterol concentrations decrease, whereas 
that of cerebrosides increases. Cholesterol esters are highest at birth, 
lowest at 15 days of age, and by 70 days return to approximately the con- 
centration at birth. For phospholipid and cholesterol the results indicate 
that although these components of the essential lipid are being synthesized, 
since in absolute amounts the body of a 70 day-old rat contains more phos- 
pholipid and cholesterol than that of the new born rat, the rate of synthesis 
is less than that of other structural elements such as protein. On the 
other hand, the synthesis of cerebrosides occurs at a higher rate than for 
other structural elements. The same is true for the cephalin portion up 
to 45 days of age. For cholesterol esters, formation is less rapid than 
for the whole neutral fat-free body substance, for the first 15 days of age, 
but after this time accumulation of this lipid fraction is at a higher rate. 

These changes in the lipid composition of the body present a composite 
picture of the alterations occurring in the individual organs and tissues 
composing the body, as well as reflect the changes in the relative pro- 
portions of the various types of body tissues as growth progresses. The 
importance of the concentration of essential cellular lipids in various types 
of body tissues already has been indicated (5). Although the brain and 
other neural tissues rank first in lipid concentration, of the various 
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tissue systems of the body, muscle tissues are among those which contain 
the lowest amounts. Thus the musculature might be expected to exert 
a ‘preponderant influence upon the lipid composition because of the large 
amounts present in the body. 

The musculature of the rat is approximately 24 per cent of the body 
weight at birth, and 41 per cent at 70 days of age (13); therefore, the 
marked changes in the concentration of certain of the essential lipid com- 
ponents during growth may be a reflection of growth and expansion of 
the muscular system. Inasmuch as the phospholipid and free cholesterol 
concentrations in muscle (with the exception of heart muscle) are rela- 
tively low (5), increase in this type of tissue would consequently lower 
the concentration of these lipid fractions in the whole. Also, muscles 
contain a relatively high content of cerebrosides (5), and therefore the 
increasing concentration of cerebrosides in the body with advancing age 
may be, likewise, a reflection of the proportional increase in musculature, 
The increase in cephalin concentration can be explained similarly. An 
analogous explanation for the changes observed in the cholesterol ester 
fraction -would not seem to be justified, due to the very small amounts 
of this lipid component in muscle tissue. Rather, since notable concen- 
trations of cholesterol esters are normally found in the body only in the 
adrenals, liver, and blood plasma, the growth of these tissues may be 
responsible for the changes occurring in the cholesterol ester concentration 
of the body during growth. As an example of this possibility, the blood 
volume of anew born rat has been given as about 0.25 ml. (13); after 15 
days it has increased to about 0.54 ml., by 45 days it is little over 4 ml., 
and at 70 days nearly 8 ml. 

The results in Part IIT show that diets in which the main sources of 
calories are equally divided between fat and carbohydrate, or those in 
which fat furnished most of the calories, had little influence on the strue- 
tural lipid content or pattern. The alterations which occurred, such 
as a decreased concentration of phospholipid and an increased content 


of cerebrosides, are typical of the changes which take place in the essential. 


lipid content of the body during growth. However, feeding a diet in 
which the major portion of the calories was derived from carbohydrate 
vielded different results. Synthesis of cerebrosides and free cholesterol 
appears to be impaired on this diet, and that of cholesterol esters enhanced. 
Some explanation for these results may be evident from the work of Tread- 
well and Eckstein (14) who have concluded that “the fat content of the 
diet is intimately associated with the synthesis of cholesterol in the young 
white rat.” Larger amounts of cholesterol were synthesized on a high 
than on a low fat diet. 

These studies of the whole animal body indicate the importance of 
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gparating the lipids of the body into separate categories: (a) storage 
lipid or neutral fat and (b) essential, or structural, lipids, in determining 
the effect of growth or diet on body composition. Alterations in the 
essential lipid pattern of the tissues and cells of the body are not shown 
by changes in total lipid composition, which reflect the variations in the 
relatively large quantity of neutral fat. Neutral fat, although important 
fom the standpoint of energy storage and reserve, is unessential in the 
cell structure. 

As the body ages and growth proceeds, the pattern of essential lipid 
composition is altered significantly, probably as¢he result of the alterations 
in the essential lipid composition of individual tissues and the changes 
in the relative proportions of the various tissues present in the body. 
Moreover, this essential lipid pattern may be influenced by diet, for re- 
striction of the proportion of calories derived from fat may retard the 
synthesis of cerebrosides and alter the proportions of free and combined 


cholesterol. 


SUMMARY 


The lipid distribution (phospholipid (cephalin, lecithin, and sphingo- 
myelin), free and combined cholesterol, cerebrosides, and neutral fat) 
was determined in the whole bodies of new born rats and animals 15, 
45, and 70 days old, and in the whole bodies of control rats (22 days of 
age) and litter mates after each had ingested 3000 calories of an adequate, 
high fat, or high carbohydrate diet. 

The importance of separating the lipids of the body into (a) neutral, 
or storage lipid, fat and (+) essential, or structural, lipid has been demon- 
strated. Alterations in the essential lipid composition of the body during 
growth are not reflected in the changes occurring in total lipid composition, 
for the latter reflects the variations in the neutral fat which composes 
the largest portion of the total (50 to 90 per cent). 

The essential lipid pattern is altered significantly during growth and 
development. The concentrations of phospholipid antl free cholesterol 
decrease, Whereas those of cerebrosides and cholesterol esters increase, 
probably not only as the result of changes in the composition of individual 
tissues but also because of the changes in the relative proportions of the 
various tissues present in the body. 

Although diets in which 40 to 70 per cent of the calories were derived 
from fat had no influence on the essential lipid composition of the body, 
a diet in which less than 10 per cent of the calories was furnished by fat 
produced an apparently significant alteration. On the latter diet the 
rats contained less cerebrosides and free cholesterol and more esterified 


cholesterol. 
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THE EFFECT OF GROWTH ON THE LIPID COMPOSITION OF 
RAT TISSUES* 


By HAROLD H. WILLIAMS, HARRY GALBRAITH, MILDRED KAUCHER, 
ELSIE Z. MOYER, ALLEN J. RICHARDS, ann ICIE G. MACY 


(From the Research Laboratory of the Children’s Fund of Michigan, Detroit) 
‘Received for publication, September 4, 1945) 


Growth has been characterized as ‘the continued increase in living and 
esential structural substance” (1). The rapid accumulations of nitrogen 
(protein) and ash (minerals) are distinctive features of the chemical changes 
gecurring in the mammalian body coincident with the phenomenon of 
gowth (2). Minerals are preeminent structural components of the skele- 
ton of the body. Similar prominence has been attributed to protein in 
the construction of the ‘“‘soft’’ tissues. Equally important as essential 
structural constituents, however, are the lipids (3). 

Normally, the major portion of the lipid in the body is triglyceride or 
neutral fat which serves as an energy depot or reserve, the concentration 
depending upon general “nutriture.’”’” However, the concentration of 
that portion of the body lipid which is essential in the cell structure (phos- 
pholipid, cholesterol, and cerebrosides) is in large measure independent 
of the diet and dependent upon the age, or size, of the organism (4). Both 
the concentration and the distribution pattern of the essential lipids vary 
among the different tissues of the body in proportion to the extent and 
variety of the physiological activities (3, 5) of the tissues. 

Although an increase in the total fat content of the animal body is a 
characteristic change with increased age, this does not represent the changes 
in essential lipid composition which occur as the result of growth and 
development. Rather, the increased total lipid reflects an augmented 
reserve deposit of neutral fat. As has been indicated (4), alterations in 
the essential lipid composition may reflect fundamental structural changes 
in the tissues, as well as changes in the relative amounts of the various 
tissues during growth. 

The present study was designed to investigate the lipid composition of 
various organs and tissues relative to the structural changes associated 
with growth. 


EXPERIMENTAL 


Male rats, 15, 45, and 70 days of age, were selected from the same stock 
and with similar dietary backgrounds (Rockland rat diet). The body of 


*A preliminary report of this study was presented before the Division of Biolog- 
al Chemistry of the American Chemical Society at the 105th meeting at Detroit, 
Michigan, April 12-16, 1943. 
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each animal was opened under ether anesthesia, and after the section of 
the aorta, as much blood as the heart would pump out was sponged away, 
The heart, thymus, lungs, liver, kidneys, spleen, testes, brain, and musele 
tissue from the legs and back were dissected and placed in separate bottles. 
The tissues, after desiccation from the frozen state under a vacuum (6), 
were extracted with hot ethanol, then with ethyl ether. The final combined 
extract represented approximately a 3:1 mixture of alcohol-ether and was 
analyzed for tota] phosphorus, choline, sphingomyelin, total and free 
cholesterol, galactose, and acetone-soluble glycerol. Total phospholipid, 
choline’ phospholipid, cephalin, lecithin, cholesterol esters, cerebrosides, 
and neutral fat were calculated from the analytical results (3). Details 
of the analytical procedures have been published (7). 


Results 


The lipid composition of the tissues from animals 15, 45, and 70 days old 
is presented in Table I. The data for the different tissues are arranged 
in the order of descending concentration of essential lipid at 15 days of 
age. All of the tissues except thymus and skeletal muscle show a cop. 
sistent increase in essential lipid content during growth from 15 to 7 
davs of age. These changes are a reflection of those of the major compon- 
ent of the essential lipid, the phospholipid, since in every instance they 
are parallel. However, the other components of the essential lipid, cere- 
brosides and cholesterol, change independently, not only with respect to 
each other, but also to the total essential lipid as well, during the same 
period of growth. 

Cerebrosides increase more than 2-fold in the brain, testes, and skeletal 
muscle, whereas in the heart cerebrosides drop from 2.32 per cent at 15 
davs to 1.37 per cent at 70 days of age. Free cholesterol shows a definite 
increase with age in the brain and lung and a decrease in the heart and 
thymus. For cholesterol esters during growth, there was a fall in con- 
centration in the brain, heart, and skeletal muscle, and a rise in the 
testes, thymus, and spleen. 

For the tissues studied, except skeletal muscle, of animals 15 and 45 
days old, the neutral fat fraction is a minor part of the total lipid in the 
tissue and as growth proceeds, the neutral fat decreases. 

The changes in the phospholipid distribution in the tissues during growth 
are given in Table Il. In every tissue except lung and skeletal musele 
the content of the cephalin fraction parallels that of the total phospholipid. 
For the total of the choline phospholipids, the kidney, lung, and testes 
show a higher content at 70 days of age than at 15, but for the other tissues 
the opposite is true. The lecithin component appears to follow a parallel 
course, although the concentration of sphingomyelin seems to vary 
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independently of either the choline phospholipids or the tota! phospholipid. 
The brain, kidney, lung, and spleen show a significant increase in sphingo- 
myelin concentration during growth from 15 to 70 days of age, while the 


The values are in per cent of dry weight. 


Tiseue 


Skeletal muscle 


muscle tissues, both heart and skeletal, show a decrease. 


* SS of the 107 rats used. 
+19 different rats. 
38S of the 116 rats. 


Age 


days 
15 
45 
70 
15 
45 
70 
15 
45 
70 
15 
45 
70 
15 
45 
70 
15 
45 
70 
15 
45 
70 
15 
45 
70 
15 
45 
70 


No. 
of 


mals 


107 
13 
6 
SS 
13 


13 
6 
SS 
13 
6 


13 


6 
116 
13 
6 


Tasie I 
Lipid Composition of Rat Tissues 


Phos-  Cere- | Free | | Essen) utral Total 
sides | terol | fat | lipid 
| | | | 
21.343.77 4.44 0.27 29.82 2.80 |32.62 
26.43.8.52 6.57 (0.14 41.66) 2.14 |43.30 
27,198.42 |7.05 0.02 42.68 1.95 |44.63 
‘12.852.32 0.77 \0.46 |16.40 2.90 |19.30 
14.16 2.14 10.43 (0.28 |17.01 
‘15.38 .1.37 (0.45 (0.21 17.41 
11.99/1.20 1.16 10.84 115.19! 4.43*|19.62 
14.15/1.58 (0.88 |1.15 |17.76, 3.57 [21.33 
15.19'1.30 11.00 0.94 |18.43) 3.16 [21.59 
10.7510.86 1.00 1.44 14.05 6.92 |20.97 
12.4911.16 |0.99 (15.79) 5.51 |21.30 
13.750.91 1.43 |1.02 17.11) 4.75 |21.86 
10.32 1.86 5.96 |19.69 
(0.82 19.66) 2.97 |22.63 
14.97 3.96 0.82 |0.66 |20.41| 2.77 |23.18 
11,670.12 0.27 |1.44 |13.50) 6.35 |19.85 
12.64/0.62 0.31 |0.57 |14.14| 3.29 |17.43 
13.900.13 0.29 0.66 |14.98) 5.22 |20.20 
9.72.1. 3440.57 12.09) 6.89 |18.98 
11.660.52 0.28 0.62 13.08 
10.75)1.14 10.61 (12.74 
—6.93.0.60 |1.34 |0.08t 8.95) 2.74 |11.69 
9.570.28 0.93 }0.52 11.30) 2.11 |13.41 
10.760.84 1.08 (0.51 (13.19 
0.200.61¢) 8.2119.58 |27.7 
5.17 2.41 0.09 [0.17 | 7.84 8.77 (16.61 
8,573.57 0.12 0.14 [12.40 3.44 [15.84 
In contrast, 


the sphingomyelin content in liver, testes, and thymus appears to be 
relatively unchanged during this period of growth. 
The lipid distribution of the various tissues is presented in Table III. 
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It is apparent that the major portion of the total lipid is essential lipid, 
With the exception of muscle, in which only 30 per cent of the total lipid 
was essential lipid at 15 days of age, over 60 per cent of the total at 15 
days and over 70 per cent at 70 days of age were essential lipid. Although 
the data are incomplete, for those tissues in which the neutral fat could 


II 
Phospholipid Distribution in Rat Tissues 
The values are in per cent of dry weight. 


| | | Choline phospholipids 
Tissues | Age | phospho- Cephalin | — 
| lipid Total Lecithin 
yelin 
days | 
15 | 21.34 | 10.37 | 10.97 7.04 3.93 
| 45 | 26.43 17.07 | 9.36 | 5.37 | 3.99 
70 | 27.19 | 18.05 | 9.14 | 4.87 | 4.27 
15 | 12.85 | 5.53 7.32 6.30 1.02 
| 45 | 14.16 | 6.15 8.01 | 7.59 0.42 
| | 7O | 15.38 9.01 6.37 5.89 0.48 
415 | 11.99 5.83 6.16 | 5.21 0.95 
45 | 14.15 7.19 6.96 5.19 1.77 
70. 7.40 ‘7.79 5.96 1.83 
SE 15 | 10.75 8.7 7.02 | 5.04 1.98 
| 2.40 | 8.22 | 0.27 7.17 2.10 
70 | 13.75 | 4.63 9.12 | 6.53 | 2.59 
45 | 14.54 7.39 7.16 6.09 1.06 
7.23 | 6.19 | 1.04 
| 18 11.67 5.18 6.49 6.05 0.44 
45 | 12.64 6.61 6.03 | 5.55 | 0.48 
| 70 | 13.90 | 7.70 6.20 | 5.85 0.35 
45 | 11.66 | 7.27 | 4.39 | 3.73 | 0.66 
oy, 4.00 3.28 0.72 
Is | 6.93 | 1.38 | 5.55 | 5.03 | 0.62 
45 | 9.857 | 5.20 | 4.37 | 3.44 | O08 
| 970 | 10.76 6.17 | 4.59 3.48 1.11 
Skeletal muscle............. 5 | 5.05 | 1.42 4.53 | 4.05 | 0.48 
70 | 8.57 | 4.84 | 3.73 | 3.56 | 0.17 


be determined there was, except in liver, a consistent drop in the percentage 


-of neutral fat and a corresponding increase in essential lipid as the tissues 


grew. 
In animals 15 days old, over 70 per cent of the essential lipid is composed 
of phospholipid. In brain, testes, and muscle, the proportion of phos- 


ch 


; 

z 
3 
& 


15 


Ge 


84 


WILLIAMS, GALBRAITH, KAUCHER, 


MOYER, RICHARDS, 


MACY 


479 


pholipid in essential lipid is lower at 70 days than at 15 days of age, but 
in the remaining tissues investigated the per cent of phospholipid is higher 
at the 70 day age level. 


Tissue 


Heart... . 


Kidney.. 


Spleen...... 


Skeletal muscle 


- 


Age 


45 
70 
15 
45 
70 
15 
45 
70 


52.8 47 


Ill 
Distribution of Lipids in Rat Tissues 


total lipid | 


| Essential lipid 


| Neutral fat 
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In all the tissues except lung and spleen, cerebrosides constitute the 
second largest fraction of the essential lipid. 
cholesterol fraction comprises a larger percentage of the total. 


In these two organs the 


The cere- 


id. 
vid 
gh 
lipid 
days 
Brain 15 
70 
12 2 5 
70 38.3 
15 6 36.7 
70 5 3 39.2 
Lung.... 15 10 346.9 
15 6 57.4) 
70 6 
Testes 1.Si75.2 
45 4 3.2)73.9) 
70 3.2173.4 
Liver 15 
5 2 4. 089.4 
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broside content of the brain, testes, and skeletal muscle shows a marked 
proportional increase from 15 to 70 days of age, but for the heart there 
is a significant decrease. The brain and lung are the only tissues in which 
free cholesterol shows a proportional increase with the advance in age, 
In most tissues there is a drop in the percentage of cholesterol esters in 


the essential lipid during growth, but in the testes, thymus, and spleen 


there is an increase. 

The percentage distribution of the phospholipids, which is given in 
Table III, shows that, during growth, in all tissues except kidney and lung 
there is a consistent increase in the proportion of cephalin to total phos- 
pholipid and a corresponding decrease in total choline phospholipid. The 
trend of the choline phospholipid is largely a reflection of the changes 
in the amounts of lecithin, in every instance except for the heart. Sphingo- 
myelin shows a proportional decrease in muscle (both heart and skeletal) 
and in the testes, whereas in kidney and spleen there appear to be sig- 
nificant increases. 


DISCUSSION 


The importance of separating the tissue lipids into separate categories, 
essential lipid and storage lipid, has been indicated (3). Likewise, the 
significance of this distinction relative to the lipid changes in the body 
as a whole during growth was pointed out (4). Similarly, although in 
the present investigation the lipid composition of the various organs has 
not been presented on the neutral fat-free basis, since this fraction is a 
minor component of the total lipid in the tissues studied and does not 
obscure the fundamental changes in the lipids essential in their structure, 
yet the importance of differentiating between an essential fraction and 
a depot, or reserve, fraction among the components of the total is evident. 
Skeletal muscle furnishes the best example, although liver is equally il- 
lustrative. For the muscle, the total lipid changes from a high of 27.79 
per cent at 15 days to a low of 15.84 per cent at 70 days of age. This is 
a reflection of the marked changes in the triglyceride or neutral fat com- 
ponent, which drops from 19.58 per cent at 15 days of age to 3.44 per cent 
at 70 days. The concentration of the essential lipid, hcwever, falls slightly 
from 15 to 45 days of age (8.21 to 7.84 per cent) and markedly increases 
by 70 days to 12.40 per cent. 

From the standpoint of lipid composition, the growth of the tissues 
studied is characterized by an increase in the concentration of the essential 
lipid (Table I). Thymus appears to be a special case. This particular 
organ, although exhibiting a slightly higher content of essential lipid at 
70 days of age (12.74 per cent of the dry weight) than at 15 days (12.09 
per cent), actually contains a greater concentration at 45 days (13.08 per 
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cent). In this respect, it is well known that the thymus of the rat retro- 
gresses after puberty, and as shown by Donaldson (8), the thymus is 
the only organ among the tissues here considered which does not show an 
absolute weight increase throughout life. 

The increase in essential lipid content of the tissues, concomitant with 
growth, is a reflection of the change in the phospholipid component which 
comprises 65 to 90 per cent of the total (Table III). Furthermore, except 
for lung tissue from animals 45 days old, the phospholipid reflects the 
increase in cephalin (Table 11). Quantitatively, therefore, the fundamental 
change in lipid composition during growth, common to all the tissues stud- 
ied, appears to be an increase in cephalin concentration. 

In contrast, the other essential lipid components exhibit changes which 
vary among the different organs and which are probably related to specific 
functional and structural changes in a particular tissue during a phase 
of growth and development. For example, the cerebroside content of 
the brain increases more than 2-fold between 15 and 45 days of age, and 
increases in testes and skeletal muscle up to 70 days, whereas the cere- 
broside content of heart muscle decreases nearly one-half, between 15 and 
70 days of age. The only organ which shows a rise in free cholesterol 
content consistent with growth, exclusive of the brain, is the lung; both 
heart and skeletal muscles show a marked drop. 

It may be significant that the changes noted: for the free cholesterol in 
brain, lung, and heart and skeletal muscle are paralleled by similar changes 
in the sphingomyelin components of the phospholipids. This parallelism 
does not follow for all tissues, however, since kidney and spleen register 
consistent increases in sphingomyelin content during growth, whereas 
for free cholesterol the changes, although minor, tend towards a lower 
concentration. 

From the lipid pattern of the various organs (Table III) it is possible to 
note the significance of certain essential lipid constituents relative to 
a particular organ, which might not be apparent from the figures on con- 
centration. Brain has the lowest relative percentage of phospholipid 
and the highest of free cholesterol, in the essential lipid. Skeletal muscle 
contains the highest percentage content of cerebrosides in essential lipid, 
followed by brain and testes, whereas liver has the lowest. The growth 
of the tissues accentuates these percentage patterns. 

There is a general tendency in the phospholipid pattern for the relative 
percentage of cephalin to increase and that of lecithin to decrease. As 
was noted (3), the relative percentage of sphingomyelin is highest in the 
lung and lowest in the muscles. 

With respect to the individual tissues, several points appear to merit 
emphasis. The brain, being the master neural tissue, contains the highest 
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concentration of the essential lipid components. These, except for lecithin 
and cholesterol esters, increase in concentration during the growth period 
(15 to 70 days) covered in this study. Among the early investigations of 
the chemical differentiation of the brain during growth, those of Koch () 
are of classic interest. Relatively, however, the brain contains the lowest 
percentage phospholipid (of essential lipid) of any tissue. Furthermore, 
the relative percentage of sphingomyelin is higher in lung than in brain, 
Also, cerebrosides are greater in skeletal muscle and the relative amount 
in testes is equal to that in brain. Theretore, from the viewpoint of fune- 
tion, it would appear that, although cephalin is of relatively great im- 
portance to the brain, phospholipid as a whole is not, in comparison to 
cerebrosides and free cholesterol and to the phospholipid in other organs, 
Likewise, cerebrosides appear to be much more significant in skeletal 
muscle, relatively, than in brain. However, tree cholesterol appears to be 
relatively unimportant in muscle, particularly in skeletal muscle. Simi- 
larly, sphingomyelin is relatively unimportant in muscle tissue, but appears 
to be quite significant in the lung, brain, and kidney. 

Judged from the changes in both the quantity of the essential lipid 
components and the lipid pattern of the various tissues during growth, 
the fraction of the phospholipid designated as cephalin is the common 
structural lipid component of all the tissues investigated. The tact that 
neural tissue contains such large quantities of the essential lipids which 
exhibit a characteristic expansion during growth and development supports 
the view (10,11) that at least part of the lipids of a tissue is related to the 
neural structures in that tissue. That not all the essential lipid is so 
related is indicated by the characteristic developmental patterns among 
the various tissues. In no case are there any which, either quantitatively 
or qualitatively, are exactly similar to that of neural tissue (brain). 

For example, such characteristic lipid changes as are exemplified by the 
cerebrosides of skeletal muscle in contrast to that of cardiac muscle imply 
that the essential lipid components are not merely the reflection of a neural 
mechanism in the tissue, but are structural components of the tissue cells 
associated with growth and a specific functional development. Char- 
acteristic physiological properties of skeletal muscle (12) are ‘‘ability to 
contract quickly and strongly and to be tetanized, but not spontaneously 
active; capable of large expenditures of energy; single nerve supply, whieh 
is from the outside.”’ For cardiac muscle, they are ‘spontaneous rhythmic 
activity; absolute refractory period, so that tetany is impossible; ‘all or 
none’ contraction; intrinsic nerve supply and regulatory nerve supply 
from the outside.’”’ The cerebroside content of skeletal muscle increases 
with growth, whereas that of cardiac muscle decreases. 

As a further illustration, the phospholipid component, sphingomyelin, 
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decreases in concentration in both of these types of muscle during growth. 
In the lung and kidney, both organs in which a large part of the physi- 
ological functions are concerned with the transfer of biochemical substances 
across semipermeable membranes, the content of sphingomyelin increases 
during growth. The relatively high content of sphingomyelin found 
in the intestinal mucosa by Hunter (11) lends support to the speculation 
that sphingomyelin may be involved in the success of the tissue to accom- 
plish this transier. ‘Thus, the changes found in the concentration and 
pattern of the essential lipid components during growth provide information 
about lipid constituents and tissues other than those studied by Bloor 
(10). The results of this study extend Bloor’s investigation of cholesterol 
and phospholipid in muscle, and verify his conclusion that ‘“‘it seems prob- 
able that these associations represent, to some extent at least, real func- 
tional relations’’ (10). 


SUMMARY 


The lipid distribution, phospholipid (cephalin, lecithin, and sphingo- 
myelin), free and combined cholesterol, cerebrosides, and neutral fat, 
has been determined in tissues (brain, heart, kidney, lung, testes, liver, 
thymus, spleen, and skeletal muscle) of rats 15, 45, and 70 days old. All 
of the tissues increase in essential lipid content during growth. This 
increase is a reflection of the phospholipid, which is the major component 
of the essential lipids. ‘The other components of the essential lipid, cere- 
brosides and cholesterol, vary independently, not only with respect to 
each other but also to the total, during growth of the rat between 15 and 
70 days of age. 

The fundamental change, quantitatively, in lipid composition during 
growth, common to all the tissues studied, appears to be an increase in 
eephalin concentration. Specific changes in the various organs during 
growth are an increase in cerebrosides in testes and skeletal muscle and 
a decrease in cardiac muscle; a decrease in free cholesterol and sphingomye- 
lin in both skeletal and cardiac muscle; and an increase in sphingomyelin 
in kidney, lung, and spleen. All essential lipid components except lecithin 
and cholesterol esters show «a marked increase in the brain during growth. 

The probable relationships of these changes in lipid composition and 
pattern among the various tissues to the structural and functional growth 
of the tissue are discussed. 
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PREPARATION, PROPERTIES, AND PARENTERAL ADMINIS- 
TRATION OF TRYPTOPHANE-CONTAINING ACID 
HYDROLYSATES OF PROTEINS* 


By ABRAHAM WHITE anp MARION A. SAYERSt 
(From the Department of Physiological Chemistry, Yale University, New Haven) 


(Received for publication, September 6, 1945) 


In a preliminary communication published several years ago (1), there 
was described a procedure tor the preparation of tryptophane-containing 
acid hydrolysates of proteins. ‘These hydrolysates were found to be suit- 
able for intravenous administration. It has now been possible to complete 
this investigation. 

The problem of parenteral administration of nitrogen derived from pro- 
tein sources has been adequately reviewed (2-5). It has been demon- 
strated that experimental animals and humans utilize parenterally 
administered nitrogen for maintenance of positive nitrogen balance and for 
plasma protein regeneration (2-15), and satisfactory growth has been 
reported for rats receiving protein nitrogen solely via the parenteral route 
(10). The sources of nitrogen employed have generally been products 
prepared from proteins by enzymatic digestion or by acid hydrolysis. 
More recently, satisfactory nitrogen balance and plasma protein regenera- 
tion have been achieved experimentally by parenteral administration of 
synthetic mixtures of pure amino acids (8, 12, 14, 15). 

Enzymatic digests of proteins contain the original complement of amino 
acids present in the protein, and, when prepared from a nutritionally ade- 
quate protein, do not require amino acid supplements. The chief unde- 
sirable feature of enzymatic digests for parenteral use appears to be the 
crude enzyme materials emploved for large seale preparations. Ground, 
fresh hog pancreas has been used for the commercial preparation of certain 
enzymatic digests (16), and papain for others (9). While there is no 
definite evidence that such products contain foreign allergens, some un- 
desirable contaminants present in the enzyme preparation might appear in 
the final product prepared from the digest. 

Complete acid hydrolysates of proteins have been utilized by a number 
of investigators as a source of parenteral nitrogen (2-5), but require the 
addition of tryptophane, since this essential amino acid is largely destroyed 


* This investigation was aided by a grant from the Fluid Research Fund of Yale 
University School of Medicine. 

t Present address, Department of Pharmacology, University of Utah, School of 
Medicine, Salt Lake City, Utah, 
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under the usual conditions of hydrolysis. The pure amino acid or a trypto- 
phane-containing protein hydrolysate prepared by alkaline hydrolysis may 
be added to the acid hydrolysates to replace the tryptophane destroyed by 
the acid treatment of the protein. The cost of pure tryptophane has pre- 
viously made this approach to the clinical problem impractical. This ob- 
jection is now less valid as a consequence of the new syntheses of this amino 
acid reported recently from two laboratories (17, 18), thus making dl. 
tryptophane more readily available. However, experimental evidence 
strongly indicates that complete acid hydrolysates, fortified with trypto- 
phane, or synthetic mixtures of amino acids, are aot as efficiently utilized 
for the nitrogen needs of the organism when given by vein as are mixtures 
of larger molecular weight peptides resulting from partial degradation of 
proteins (14). The g:eater rate of loss through the kidneys of moieties of 
lower molecular weigi.t may contribute to these differences. Also, there 
may be amino acid ag sregates of optimum size for most efficient utilization 
by the synthetic mechanisms. The latter factor could be particularly 
significant when the amino acid composition of the protein hydrolysate 
used for parenteral ad ninistration closely approximates the organism pro- 
tein being replaced. 

For these reasons, it seemed desirable to establish conditions of acid 
hydrolysis of protein which would hydrolyze the protein to smaller frag- 
ments that could be given rapidly by vein with no undesirable reactions, 
and vet cause minimal destruction of tryptophane. Mild acid hydrolysis 
of proteins afforded the desired solution of the problem. If casein is re- 
fluxed with relatively weak concentrations of sulfuric acid for short periods 
of time, hydrolysates are obtained with varving quantities of tree amino 
nitrogen and of tryptophane. Application of the ninhydrin method (19) 
to the hydrolvsates has also afforded an approximate index of the degree to 
which free amino acids were liberated under the various hydrolytic condi- 
tions. The usefulness of the application of both the nitrous acid and nin- 
hvdrin methods of Van Slyke in interpreting the course of protein hydroly- 
sis has been illustrated in studies of the partial hydrolysis of proteins by 
enzymes (20, 21) and by concentrated hydrochloric acid (22, 23). 

The data for casein hydrolvsates are presented in Table I and those 
for hydrolysates of pancreas protein and of pumpkin seed globulin are in 
Table II. The data show that approximately 50 per cent of the potentially 
available free amino groups of casein, pancreas protein, and pumpkin seed 
globulin is liberated by hydrolysis of the proteins with 1.0 ~ sulfurie acid 
for 6 to 16 hours, or with 2.6.‘ acid for 3 to6 hours. As might be expected, 
the extent of hydrolysis of the proteins is dependent on the concentration 
of acid and the length of the hydrolysis period. It is also to be noted that, 
under the experimental conditions employed, no great differences in result 
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were observed when the ratio of acid to protein was 20:1 as compared 
to 10:1. 

It is also evident from the data in Table I that a stronger concentration 
of sulfuric acid (5.5 N) effects a rapid hydrolysis of casein in a relatively 
short period of time (6to 8 hours). At this time approximately 55 per cent 


TaBLe I 
Hydrolysis of Casein by Acid 
Acid ( | Ami N a boxy! N 
mi. ‘drolysis ‘“mino N_ Carboxy! 

ysate original 

| | | per come | 

0:1 SONHSO, 2 748 | 886 10.0 0.00 00 
10:1 3 | 55 | 2.8 0.99 87.6 
10:1 25.6 12.4 | 35.4 0.89 78.8 
10:1 Lo“ 16 39.6 | 29.8 | 53.0 0.70 62.0 
20:1 1.0 i6 41.7 31.0 | 55.7 0.89 78.8 
10:1 2.6 * 3 35.8 | 17.6 | 47.7 0.91 80.5 
10:1 2.6 ° ‘5 48.1 | 32.2 | 64.2 | 0.76 | 67.2 
20:1 ek fi 53.5 | 38.0 | 69.0 0.76 | 67.2 
20:1 5.5 3 0.81 | 71.7 
20:1 5.5 68.1 | 63.3 | 91.0 | 0.60 | 53.1 
10:1 5.5 * ti 67.2 62.4 88.0 | 0.67 | 359.2 
20:1 5.5 74.2 0.62 54.8 
20:1 24 74.6 88.5 100.0 0.13 | 11.5 
10:1 0.25 HCl 14.9 4.41 0.94 | 83.2 
10:1 0.2 * 12 18.7 5.6 | 25.0 0.85 75.2 
10:1 17 22.7 9.3 30.6 0.80 70.8 
10:1 0.25 * 24 22.4 9.2 20.8 0.73 64.6 
10:1 0.25 4s 23.0 | 9.4 | 28.8 0.51 38.9 


* The extent of hydrolysis is calculated in terms of the ratio of amino nitrogen 
present in the hydrolysate to the amino nitrogen liberated by complete hydrolysis; 
ie., hydrolysis with 8.0 N H.SO, for 24 hours. 

t The sample of casein used contained 1.13 per cent tryptophane and had a total 
nitrogen value of 13.1 per cent. 


of the tryptophane! originally present in the protein can be found in the 
hydrolysate; continuation of the boiling results in rapid tryptophane de- 


! Aliquots of the acid hydrolysates were completely hydrolyzed with alkali before 
application of the analytical method for tryptophane. Low tryptophane values will 
be obtained if the colorimetric method used in this study for tryptophane estimation 
isapplied to partial hydrolysates of proteins. There isanincomplete precipitation of 
tryptophane-containing peptides by mercuric sulfate, and the chromogenic value of 
tryptophane in peptides is less than that of the free amino acid. 
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F i struction. The early, rapid splitting of peptide bonds of proteins by aeid 
_ hydrolysis has been observed by a number of investigators (22-25). 
P The casein used in this investigation was an inexpensive, commercial 
=f product whose relatively low nitrogen content (13.1 per cent) indicated the 
Be presence of impurities. This product was advisedly chosen, not only be- 
‘ cause of its availability in quantity at low cost, but also because it afforded 
an opportunity to study tryptophane preservation under the least favorable 
conditions; 7.¢., in the presence of impurities which are known to favor 
tryptophane destruction. However, it is clear from the data in Tables ] 
TaB_e Il 
a ; Hydrolysis of Pancreas Protein and of Pumpkin Seed Globulin by Sulfuric Acid 
x Tryptophane 
| | | | | per come 
A Pancreas | 20:1 8.0 | 24 | 76.1 | 84.0 | 100.0 | 0.00 0.0 | 
protein | 10:1 3 | 18 31.9 1.05 79.0 
10:1 | 1.0 | 6 | 40.0 | 14.4 | 52.5 | 1.00 | 76.3 
. | 10:1 | 26 | 3 | 3.0 | 11.4 | 47.3 | 0.86 | 66.0 
= 10:1 | 2.6 | 6 | 44.8 | 21.6 | 58.8 | 0.76 | 58.1 | 
Pumpkin 20:1 8.0 | 2 | 81.2 | 87.8 | 100.0 | 0.22 | 16.5 
seed | 10:1 | 10 | 38 | 23.3 5.4 | 28.7 1.14 | 85.7 
globulin 10:1 | «1.0 6 | 45.0 | 0.93 69.8 
10:1 | 26 | 3 | 35.0 11.0 | 43.2, 0.90 | 67.6 
| | 10:1 | 26 | 6 | 44.6 | 17.1 | 55.0 | 0.85 | 63.9 ) 
q f * The extent of hydrolysis is calculated in terms of the ratio of the amino nitrogen ‘ 
| 4 present in the hydrolysate to the amino nitrogen liberated by complete hydrolysis. t 
: + The sample of pancreas protein as used contained 14.2 per cent nitrogen and 1.30 
: per cent tryptophane; the pumpkin seed globulin had 15.1 and 1.33 per cent of nitro- 
gen and tryptophane, respectively. 
: and II that, in the case of each of the three proteins studied, acid hydroly- : 
4 sates may be obtained which represent a significant degree of protein 
4 splitting and yet retain more than 50 and, in some instances, as muchas | ! 
. 85 per cent of the tryptophane originally present in the protein.’ . 
: The use of sulfuric acid for hydrolysis necessitates the removal of excess 
j ? Similar results have also been obtained by mild acid hydrolysis of lyophilized P 
fs horse serum and dried beef serum. The data in this paper for pancreas protein hy- 
{ drolysates are in satisfactory agreement with those obtained in the Sharp and Dohme V 
7 laboratories by L. 8. Ciereszko, R. J. Westfall, and E. A. Risley who hydrolyzed W 
: pancreas protein under comparable conditions (private communication from Dr. L. 
+ Earle Arnow). 
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acid, conveniently with baryta or calcium hydroxide, before the hydroly- 
sates can be readied for parenteral administration. Large scale hydrolysate 
preparation therefore involves the inconvenient handling of large quantities 
of bulky, insoluble sulfate. The desirability of washing the precipitate 
thoroughly to minimize amino acid loss further lengthens the procedure. 
The influence of these undesirable features can be lessened somewhat by 
using the weaker (1.0 N) sulfuric acid. In order to circumvent completely 
these difficulties, experiments were conducted on the hydrolysis of casein 
with dilute hydrochloric acid. These hydrolysates were neutralized with 
sodium hydroxide; the concentration of acid employed was so chosen that, 
on neutralization and evaporation of the hydrolysate to dryness, a product 
was obtained with an average salt concentration of 5 to 6 per cent. There- 
fore, a 20 per cent solution of the final product represented a mixture of 
approximately 19 per cent of protein degradation products and 1 per cent 


of salt. These products were well tolerated when given rapidly in 20 per 


cent aqueous solution by vein to rats, guinea pigs, rabbits, and dogs. The 
antigenic aspects of the protein have been adequately eliminated, and the 
weak hydrochloric acid hydrolysates contain a highly significant proportion 
of the tryptophane originally present in the protein (Table 1). It may be 
pointed out that with the concentration of hydrochloric acid used, maximal 
protein splitting is achieved at between 12 to 17 hours of hydrolysis. Be- 
yond this period, there is no further hydrolysis apparent, but destruction 
of tryptophane continues. 

As previously indicated, both baryta and calcium hydroxide have been 
found satisfactory for removal of excess sulfuric acid when this acid has 
been used for hydrolysis. Experience with baryta has been more exten- 
sive; the significant solubility of calcium sulfate leads to the presence of 
this salt in the final hydrolysates when calcium hydroxide has been used for 
neutralization. Removal of acid and decolorization of the hydrolysate 
may be conducted in a single step for convenience. Loss of nitrogen by 
adsorption on the insoluble sulfate and on the decolorizing carbon may be 
minimized by thorough washing of the sulfate and by employing norit A.’ 
The latter decolorizing carbon has been found the most satisfactory from 
the standpoint of maximal decolorization of the hydrolysate and minimal 
nitrogen loss or destruction. This loss has been judged on the basis of the 
tryptophane and nitrogen contents of acid hydrolysates betore and after 
decolorization, and a comparison of these values with those obtained by 
analysis of the final, dried partial acid hydrolysates. The tryptophane 
values obtained on these various products are in satisfactory agreement 
when norit A has been used to decolorize hydrolysates made from 8 gm. 
samples of protein. If larger quantities of protein (3800 gm.) are hydro- 


> Eimer and Amend. 
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F lyzed, a loss of 1 to 3 per cent of the hydrolysate nitrogen may occur during 
_ removal of the insoluble barium sulfate, even though the latter is washed 
f with liberal quantities of hot water. When the combined filtrates and 
t washings from the barium sulfate are concentrated to dryness in vacuo, a 
i; residue is obtained which may be ground and sieved. The weights of the, 
F ; dried products thus obtained have varied from 82 to 95 per cent of the 
1 weight of protein initially taken for hydrolysis. 

a The final products are light brown, hygroscopic powders, soluble in 20 
F per cent concentration in either water or 10 per cent glucose solution. 
4 : More concentrated aqueous solutions have been prepared; a slight amount 
tf of insoluble material, if present, may be removed by filtration. A 20 per 
of cent solution of products prepared from casein has a pH of 4.0 to 5.0. 
4 3 These solutions may be adjusted to pH 7.0 with sodium hydroxide and 
Taste III 

3 ‘ Growth of Rats on Diets Containing Protein or Partial Acid Hydrolysates of Protein 

Casein....... 4.840.17* + 0.16" | 0.58 + 0.014" 
Pumpkin S 2840.32 6620.56 | 0.42 + 0.016 

Pancreas protein.. 19 | 5.920.12 10.4 40.24 | 0.57 + 0.009 
4 Casein acid hy drolysate.. 7 | 1.7 | 4.9 + 0.48 | 0.35 + 0.040 

Pumpkin seed globulin acid | | 

hydrolysate. 7 2.1+0.14 5.9 + 0.40 | 0.36 + 0.010 
Pancreas protein acid hy- 

| -7 | 2.90.18 6.2+0.41 0.464 0.017 
4 E * The values in these columns are the means and standard errors. 

im i sterilized by boiling. The sterile solutions have remained clear after 
4 a standing for 3 months at room temperature. The hydrolysate solutions 
o have been administered rapidly by vein in a number of species (rats, guinea 
7 8 pigs, rabbits, and dogs) without undesirable reactions. Similar tolerance 
. to the hydrolysates has been observed following subcutaneous or intraperi- 
E toneal administration of 10 per cent solutions in rats. 

{ Confirmation of the colorimetric analyses showing 50 to 85 per cent of 
i the original tryptophane of the proteins as being present in the hydrolysates 
a was sought in rat growth experiments. Inasmuch as the young rat requires 
¢ an adequate daily intake of tryptophane, together with the other essential 
amino acids, as nitrogen for growth, the growth-promoting properties of 
ie products prepared by mild acid hydrolysis (2.6 N H.SO, for 6 hours) were 
& determined. These experiments would also indicate possible other losses 
f of amino acids in the course of preparation of the final hydrolysates. The | 
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growth of young rats on diets whose nitrogen was derived chiefly from par- 
tial hydrolysates of casein, pancreas protein, or pumpkin seed globulin 
was compared to the growth of other animals on diets in which an equivalent 
amount of nitrogen was fed as unhydrolyzed proteins. The growth data 
are shown in Table III. Although the average daily weight gain is greater 
in rats fed diets containing the unhydrolyzed proteins than in animals in- 
gesting the hydrolysate-containing diets, the latter rations were capable 
of promoting a significant degree of growth in young rats over a 28 day 
period. These acid hydrolysates, therefore, are capable of promoting 
growth, but to a somewhat more limited degree when compared with the 
respective proteins. 
EXPERIMENTAL 


Proteins Used—The casein was a commercial product. The pancreas 
protein was kindly turnished by Dr. L. Earle Arnow of Sharp and Dohme, 
Inc., and was prepared by a method developed in that laboratory (26). 
Pumpkin seed globulin was isolated trom Cucurbita moschata, as described 
by Vickery, Smith, Hubbell, and Nolan (27). 

Preparation and Treatment of Hydrolysates—UHydrolysis of proteins was 
conducted by heating on a sand bath at boiling temperature under a reflux. 
Initiation of hydrolysis was taken as the time at which boiling of the pro- 
tein-acid mixture Was first apparent. Caprylic alcohol was used to prevent 
foaming, Which was particularly evident when weaker acid concentrations 
were employed. ‘To obtain the analytical data in Tables I and IT, it was 
found convenient to use 8 gm. samples*ot protein for each hydrolysis ex- 
periment. At the end of the period of hydrolwsis, the flask was cooled 
immediately, surrounded by an ice bath, and brought to pH 7.0 (glass 
electrode) by the slow addition of a calculated quantity of sodium hydroxide 
pellets. Vigorous stirring was maintained during the neutralization proc- 
ess. The neutralized hydrolysate was then made to a convenient volume, 
usually 200 ml., and a small amount of insoluble material removed by 
filtration with the aid of moderate suction. Suitable aliquots were taken 
for the analyses; in most instances these aliquots required further dilution 
before application of the analytical method. 

For physiological studies, larger quantities (300 to 1500 gm.) of protein 
have been subjected to partial hyvdrolvsis with weak acid. At the end of 
the hydrolysis period, the contents of the boiling flask were diluted with 
an equal volume of water. The solution was transferred to an enamel pot, 
brought to a gentle boil, and | gm. of norit A added for each 6 gm. of protein 
taken for hydrolysis. Gentle heating was then continued for 30 minutes 
and the solution allowed to cool to room temperature. 


‘Lister Brothers, Inc., New York. 
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The sulfuric acid hydrolysates, after decolorization and without removal 
of the bone-coal, were stirred mechanically and somewhat less than the 
calculated quantity of powdered, commercial barium hydroxide added 
slowly with vigorous stirring. Complete precipitation of sulfate was then 
achieved by careful addition of small quantities of hot, saturated barium 
hydroxide solution. At this point, small centrifuged aliquots of the mixture 
showed no turbidity with either a drop of saturated barium hydroxide ora 
drop of dilute sulfuric acid (1 ml. of concentrated H.SO, in 100 ml. of H,0), 

The mixture was then brought to boiling, stirred with gentle heating for 
15 minutes, and the precipitate allowed to settle. The supernatant was fil- 
tered rapidly with suction through large Biichner funnels and finally the 
entire precipitate was transferred to the funnels. Washing of the precipi- 
tate was accomplished by returning the contents of the Biichner funnels 
to enamel pails and, with the aid of vigorous stirring, suspending the pre- 
cipitate in a volume of water one-third that of the original volume of acid 
used for hydrolysis of the protein. The suspension was heated for 30 
minutes with stirring, and filtered with the aid of suction. The washing 
procedure was repeated two additional times. The combined filtrate and 
washings were concentrated to dryness in vacuo at 80°. Foaming during 
distillation was minimized by keeping the volume of liquid in the distilla- 
tion flasks small and feeding the solution into the flasks at intervals. Com- 
bined filtrates and washings were concentrated to dryness. The residues 
in the distillation flasks were combined and ground in a ball mill; the ground 
product was then sieved. 

In the case of the 0.25 ~ hydrochloric acid hydrolysates, the mixture, 
after decolorization with norit A and without filtrdtion, was neutralized 
by the careful addition of 2 N sodium hydroxide solution to pH 7.0 
(glass electrode). After filtration and washing of the bone-coal and sedi- 
ment, the light yellow filtrate and washings were combined and concen- 
trated to dryness in vacuo. The final dry product was obtained by grinding 
and sieving as described above. 

Analytical Methods—Total nitrogen was determined by the micro- 
Kjeldahl] method. The amino nitrogen determinations were performed by 
the Van Slyke nitrous acid method (28) and carboxy] nitrogen analyses by 
the ninhydrin-CO, reaction at pH 2.5 (19). Tryptophane analyses were 
conducted by the method of Folin and Ciocalteu (29), with 20 ml. aliquots 
of the acid hydrolysates of 8 gm. samples of proteins. To each 20 ml. 
aliquot, representing 0.8 gm. of the protein, were added 4 gm. of solid sodium 
hydroxide, thus giving the 20 per cent alkali concentration proposed by Folin 
and Ciocalteu (29) for alkaline hydrolysis of proteins. The alkaline aliquot 
was hydrolyzed under a reflux for 20 to 24 hours; the procedure was then 
that described by Folin and Ciocalteu (29). 
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Rat Growth Experiments—Male rats 21 days of age and of the Yale strain 
were used in the growth studies. The animals were kept in individual 
cages and received, in addition to a basal diet, a daily supplement of 400 
mg. of dried yeast® and 200 mg. of cod liver oil. The casein basal diet con- 
tained casein 21.4, sucrose 15, Crisco 25, salts® 4, and starch 34.6 per cent. 
When a source of protein nitrogen other than casein was used in a basal 
diet, it was incorporated in the diet in an amount which supplied a quantity 
of nitrogen equivalent to that present in the basal diet containing 21.4 
per cent of commercial casein. The various basal diets, therefore, con- 
tained as a source of nitrogen either 18 per cent of pumpkin seed globulin, 22 
per cent of pancreas protein, 21.5 per cent of casein hydrolysate, 18 per cent 
of pumpkin seed globulin hydrolysate, or 22 per cent of pancreas protein 
hydrolysate.’ The starch content of each of the basal diets was varied 
so that the sum of the nitrogen source and the starch in the diet totaled 
56 per cent. 

Food and water were available ad libitum; weighings pf the food con- 
sumed and of the animals were made twice weekly. Each growth study 
was conducted for a 28 day period. 


SUMMARY 


Casein, pancreas protein, and pumpkin seed globulin have been hy- 
drolyzed for relatively short periods of time with 1.0, 2.6, and 5.5 N sulfuric 
acid. The hydrolysates have been analyzed for their amino nitrogen, 
carboxyl nitrogen, and tryptophane contents, making possible a correlation 
of the degree of hydrolysis and tryptophane destruction. Hydrolysis of 
the proteins with 2.6 N sulfuric acid for 6 hours liberates approximately 
50 per cent of the potentially available total amino nitrogen of the proteins. 
Tryptophane analyses indicate that under these conditions approximately 
65 per cent of the tryptophane originally present in the proteins is not 
destroved. Partial acid hydrolysates of proteins with a higher content 
of tryptophane may be obtained by either shortening the period of hydroly- 
sis or decreasing the sulfuric acid concentration. The presence in the 
hydrolysates of adequate tryptophane for rat nutrition has been demon- 


strated by rat growth studies. 


Salfuric acid has been removed from these hydrolysates and final, dry 
products obtained which, in 20 per cent solution, have been administered 
rapidly by vein in rats, guinea pigs, rabbits, and dogs with no undesirable 


Northwestern Yeast Company, Chicago, Illinois. 

*Osborne and Mende! salt mixture (30). 

’ The acid hydrolysates used in the growth studies were the final, dried products 
prepared from the respective proteins by hydrolysis for 6 hours with 2.6 Nn H.SO,. 
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® 


reactions. 10 per cent solutions have been given subcutaneously and 
intraperitoneally in rats. 

Data are also presented for the partial hydrolysis of casein with 0.25 
N hydrochloric acid. Neutralization with sodium hydroxide leads to fina] 
dry products with a salt concentration of 5 to 6 per cent, making it possible 
to administer 20 per cent solutions of this product by vein. 


BIBLIOGRAPHY 


a 1. White, A., and Elman, R., J. Biel. Chem., 148, 797 (1942). 
ee 2. Martin, G. J., and Thompson, M. R., Wedicine, 22, 73 (1943). 
3. Elman, R., Physiol. Rév.>24, 372 (1944). 
4. Elthan, R., Ann. Surg., 120, 350 (1944). 
aa 5. Whipple, G. H., and Madden, 8. C., Wedicine, 28, 215 (1944). 
a a 6. Cox, W. M., Jr., and Mueller, A. J., Proc. Soc. Exp. Biol. and Med., 42, 658 (1939), 
_ 7. Mueller, A. J., Kemmerer, K. 8., Cox, W. M., Jr., and Barnes, 8. T., J. Biol. 
Chem., 184, 573 (1940). 
ae 8. Shohl, A. T., and Blackfan, K. D., J. Nutr., 20, 305 (1940). 
9. Madden,8S. C., Zeldis, L. J., Hengerer, A. D., Miller, L. L., Rowe. A. P., Turner, 
; . A. P., and Whipple, G. H., J. Exp. Med., 78, 727 (1941). 
| f 10. Horvitz, A., Sachar, L. A., and Elman, R., Proc. Soc. Exp. Biol. and Med., &, 
118 (1942). 
4 11. Mueller, A. J., Fickas, D., and Cox, W. M., Jr., Bull. Johns Hopkins Hosp., 7, 
110 (1943). 
12. Madden, 8S. C., Carter, J. R., Kattus, A. A., Jr., Miller, L. L., and Whipple, G.H., 
4 J. Exp. Med., 77, 275 (1943). 
% ee 13. Cox, W. M., Jr., and Mueller, A. J., J. Clin. Invest., 23, 875 (1944). | 
4; es 14. Madden, 8. C., Woods, R. R., Shull, F. W., and Whipple, G. H., J. Exp. Med., 
79, GOT (1944). 
4 He 15. Madden, 8. C., Anderson, F. W., Donovan, J. C., and Whipple, G. H., J. Exp. ( 
Med., 82, 77 (1945). 
16. Kemmerer, K.S8., U. 8. patent 2,180,637 (1941). 
17. Snyder, H. R., and Smith, C.W., J. Am. Chem. Soc., 66, 350 (1944). 
18. Albertson, N. F., Archer, and Suter, C. M., Am. Chem. Soc., 66, 500 (1944); ( 
67, 36 (1945). 
: 19. Van Slyke, D. D., MacFadyen, D. A., and Hamilton, P., J. Biol. Chem., 14, 
671 (1941). 7 
20. Van Slyke, D. D., Dillon, R. T., MacFadyen, D. A., and Hamilton, P., J. Biol. 
Chem., 141, 627 (1941). 
21. Winnick, T., J. Biol. Chem., 162, 465 (1944). 
22. Gordon, A. H., Martin, A.J. P., and Synge, R. L. M., Biochem. J ., 35, 1369 (1941). 
23. Stein, W. H., Moore, S., and Bergmann, M., J. Biol. Chem., 164, 191 (1944). 
24. Sullivan, M. X., and Hess, W. C., J. Biol. Chem., 117, 423 (1937). 
25. Lieben, F., J. Biol. Chem., 161, 117 (1943). ™ 
? 26. Kazal, L. A., Westfall, R. J., Ciereszko, L. S8., Risley, Ek. A., and Arnow, L. E., 
4 Proc. Soc. Exp. Biol. and Med., 61, 268 (1942). Di 
| 27. Vickery, H. B., Smith, E. L., Hubbell, R. B., and Nolan, L. 8., J. Biol. Chem., 


140, 613 (1941). 
28. Van Slyke, D. D., J. Biol. Chem., 83, 425 (1929). 
20. Folin, O., and Ciocalteu, V., J. Biol. Chem., 73, 627 (1927). 
30. Osborne, T. B., and Mendel, L. B., J. Biol. Chem., 37, 557 (1919). 


4 
| 

| 


A COLORIMETRIC DETERMINATION OF BLOOD ACETOIN* 


By W. W. WESTERFELDt 
(From the Department of Biological Chemistry, Harvard Medical School, Boston) 


(Received for publication, September 11, 1945) 


Most of the methods described for the determination of acetoin and 
biacetyl are based on the original Lemoigne-van Niel procedure (1, 2), 
which depends upon the formation of insoluble nickel dimethylglyoxime 
when biacetyl is treated with hydroxylamine in the presence of a nickel salt; 
acetoin is similarly determined after oxidation to biacetyl by heating with 
ferric chloride. In a recent modification Stotz and Raborg (3) have em- 
ploved a colorimetric determination of the nickel in the precipitate instead 
of the usual gravimetric analysis, and the sensitivity of the method has 
thereby been greatly increased. A polarographic method for the determi- 
nation of acetoin and biacetyl has also been described by Greenberg (4). 

The method herein described was developed because none of the previous 
methods was sufficiently sensitive for our purpose; its chief advantages are 
simplicity and sensitivity. It is based on the color reaction originally dis- 
covered by Voges and Proskauer (5), and later shown by Harden and 
Norris (6, 7) to be due to the reaction between biacetyl and a guanidino 
group in the presence of alkali. Attempts to increase the sensitivity of this 
reaction led to the addition of creatine by O'Meara (8) and a-naphthol by 
Barritt (9). While the original Voges-Proskauer reaction could not be 
developed into a satisfactory quantitative method, the Barritt modification 
was found to be suitable. In this laboratory it was first tried by W. E. 
Knox, and a similar method has recently been described by Eggleton e¢ al. 
(10). The chemical reactions involved in the development of the red color 
have been studied (10-12) but not fully elucidated. 

Details of the procedure for color development and the method for deter- 
mining acetoin in blood are described. 


Colorimetric Determination of Acetoin and Biacetyl 


Reagents— 

0.5 per cent creatine; | gm. of creatine dissolved in 200 cc. of water. 

5 per cent a-naphthol; 1 gm. of powdered colorless a-naphthol (redistilled 
under nitrogen) dissolved in 20 cc. of 2.5 N NaOH. The solution is pre- 
pared immediately before using. 

Method—To 5 cc. of solution containing between | and 12 ¥ of acetoin or 


* This study was supported by a grant from the Nutrition Foundation, Inc. 
t Present address, Syracuse University College of Medicine, Syracuse, New York. 
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biacetyl are added consecutively 1 ce. of 0.5 per cent creatine and 1 cc. of 
the 5 per cent a-naphthol solution. The latter reagent should not be pre- 
pared until after the creatine has been added to the test solution, and it is 
used as soon as the a-naphthol dissolves. The color is allowed to develop 
at room temperature for exactly 10 minutes when biacetyl is being deter- 
mined, and 1 hour for the determination of acetoin. The amount of color 
is then read in an Evelyn photoelectric colorimeter with a 540 filter; a 
reagent blank prepared simultaneously with 5 cc. of water is used to adjust 
the galvanometer to 100, and a standard solution containing 5 y of acetoin 
or biacetyl can be included in each series of analysis. 

The colors obtained by this method were reproducible but somewhat 
unstable. The maximum color was obtained with biacetyl between 5 and 
10 minutes after the addition of the alkaline a-naphthol; fading was barely 
perceptible on the galvanometer at 15 minutes, and it amounted to a 10 per 
cent error at 30 minutes. The color obtained with acetoin was more stable; 
the maximum intensity was reached in 60 minutes after the addition of the 
alkaline a-naphthol; fading could not be detected at 75 minutes, and was 
barely perceptible at 90 minutes. The absorption spectra of the colors 
obtained with biacetyl and acetoin were quite similar. The peak of ab- 
sorption occurred at 530 my, and both curves were relatively flat between 
520 and 540 mu. 

Maximum color was obtained with creatine, but other compounds con- 
taining the guanidino group (arginine, creatinine, guanidine carbonate, 
methylguanidine sulfate) gave similar colors in the presence of biacetyl, 
a-naphthol, and alkali. a-Naphthol could not be replaced advantageously 
by any one of a large number of substances tested, and it was without effect 
if added to the test solution of creatine and biacety] after the alkali. 

It was found convenient, but not essential, to dissolve the a-naphthol in 
the alkali under a stream of nitrogen, since the reagent became colored 
readily in air. Only freshly prepared reagent, containing no more than a 
faint vellow color, was used. Less consistent results were obtained when 
the a-naphthol was dissolved in 95 per cent alcohol and added separately 
from the alkali. 

Standard Curves—A standard solution of biacetyl] containing approxi- 
mately 1 mg. per cc. was prepared from the fraction boiling sharply at 88°. 
A similar solution of acetoin was prepared from the crystalline polymer' 
that was equally well purified by thorough washing with anhydrous ether — 
or by fractional distillation. Both standards remained unchanged ior 
several months at 6°, after which the biacetyl solution deteriorated. 

Suitable dilutions were prepared from each of these standards, so that 5 


1 The acetoin and biacetyl were obtained from the Lucidol Corporation, Buffalo, 
New York. 
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ec, contained from 1 to 12 y of acetoin or biacetyl. Colors were developed 
in a series of such dilutions and read against the reagent blank in the photo- 
electric colorimeter after 10 minutes for the biacetyl determination and 1 
hour for acetoin. The standard curves for both acetoin and biacetyl, shown 
in Fig. 1, were linear for amounts of acetoin and biacetyl below 5 to 6 7, 
but departed slightly from this relationship with larger amounts. 


Oxidation of Aceloin to Biacetyl 


Reagents 

FeSO,-7 (solid). 

50 per cent FeCl;-6 HO; 500 gm. of FeCl;-6 dissolved in water and 
diluted to 1 liter. 

10 N H.SO,; 280 ce. of concentrated H,SO, diluted to 1 liter. 


UG ACETOIN OR BIACE TYL 


Fic. 1. The relationship of color intensity at 40 my to the amount of biacetyl or 
acetoin tested. 


When acetoin cannot be determined directly because of interfering sub- 
stances, a preliminary oxidation to biacetyl and distillation of the latter 
can be employed; smaller amounts can also be determined by this procedure, 
since the biacetyl can be concentrated during the distillation. The deter- 
mination of total acetoin plus biacetyl in mixtures of the two likewise de- 
pends upon this preliminary oxidation. 

The usual method of carrying out this oxidation with ferric chloride gave 
85 to 90 per cent of the theoretical amount of biacetyl; this has been the 
common experience (13-15). By using a mixture of ferric chloride and 
ferrous sulfate, as suggested by Kniphorst and Kruisheer (15), the yields 
were substantially improved, and the following method was adopted. 

The oxidizing reagent is prepared by dissolving 10 gm. of FeSO,-7 H,O 
in 30 ce. of 50 per cent FeCl. 2 ce. of this solution and 1 ce. of 10 N H.SO, 
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are added to 7 cc. of the acetoin-containing solution. The tube is stop- 
pered lightly with a clean rubber stopper and placed in a boiling water bath 
for 30 seconds to relieve excessive pressure before the stopper is inserted 
tightly. After heating for 30 minutes in a boiling water bath, the tube is 
cooled and the contents rinsed into a small distillation flask described by 
Stotz (16). A glass bead is added and the solution distilled carefully to 
avoid obtaining any trace of iron salt in the distillate by bumping or spray- 
ing. 5 cc. of distillate are collected in a 10 cc. graduated cylinder, and the 
contents made up to 5.5 or 10 cc., depending upon the amount of biacetyl 
expected. The color reaction for biacety! is carried out with 5 cc. of this 
solution or an aliquot diluted to 5 ce. 


TaBLe I 
Oxidation of Acetoin to Biacetyl 
| Biacetyl in aliquot analyzed 
Acetoin oxidized | Recovery 
| Recovered Theory 

| per cent 
2 (1.82 | 1.78 
4 3.66 3 103 
6 5.22 5.34 Qs 
6.86 7.12 
10 8.72 S.90 QS 
15 | 7.20 7.34 QS 
25 | 4.83 4.89 
35 | 6.67 6.84 US 
50 4.60 4.89 
SO | 7.50 7.83 O6 
100 | 9.35 9.78 06 
140 5.30 5.48 Q7 
250 4.87 4.89 100 
500 4.83 4.89 


The recovery of biacetyl from the oxidation of acetoin by this method is 
shown in Table I. 98 per cent of the theoretical amount was obtained from 
2 to 500 y of acetoin; larger amounts were not tested. 

Specificity—The original Voges-Proskauer reaction is nearly specific for 
acetoin and biacetyl. The related 5-carbon ketol gives a somewhat similar 
color, while the 6-carbon ketol gives a light olive-green color within the 
usual time limit employed (17). In the test herein described, approxi- 
mately 90 y of methylglyoxal gave as much color as 1 y of biacetyl, while 1 
mg. of glyoxal gave no color. 1 mg. of benzil and benzoin in alcohol gave a 
slight color equivalent to approximately 1 y of biacetyl and 0.5 y of acetoin 
respectively. 
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The nickel dimethylglyoxime precipitation is probably more specific for 
biacetyl than this color reaction. 1.8 mg. of methylglyoxal gave no pre- 
cipitate in the procedure described by Stotz and Raborg (3). The introduc- 
tion of a-naphthol into the reaction also increases the possibility of obtaining 
colors from unrelated substances that react with the a-naphthol alone. 
Such interference, as yet unknown, could readily be detected by omitting 
the creatine from the test. 


Blood Acetoin 


Method of Determination—-A 1:5 tungstie acid filtrate of blood is prepared 
by adding 2 volumes of water, | volume of blood, 1 volume of 10 per cent 


Taste Il 
Recovery of Acetoin Added to Blood 
Acetoin added 1 cc. blood 5 cc. blood | 25 cc. blood 
per cent per per cent 
] | 101 05 
2 100 92 
3 105 96 
5 95 92? 
7 102 | 89 
10 100 | 93 88 
lo a7 S5 
25 OD 
Ss 
100 "5 
200) | a7 100 
SOO O5 


— 


The acetoin was added to the water with which the blood was laked during the 
preparation of a protein-free filtrate. The filtrate was analyzed for acetoin by the 
method described. The percentage recovery includes a correction for the 0.012 to 
0.015 mg. per cent of acetoin found in the blood to which the acetoin was added. 


sodium tungstate, and | volume of 4 N H,S0O,; the precipitate is centrifuged 
off. An aliquot of the supernatant is added to solid NaCl (1 gm. per 3 cc.) 
and distilled from a Claisen flask practically to dryness in vacuo (150 to 200 
mm. of Hg). ‘The distillate is oxidized as previously described by adding 
approximately 2 cc. of the FeCls-FeSO, mixture and 1 ec. of 10 N H.SO, to 
each 7 cc. of distillate, and heating in a stoppered tube for 30 minutes. The 
solution is then redistilled, and the biacetyl is collected in the first 5 ec. of 
distillate and estimated colorimetrically. 

The recoveries of added acetoin obtained by this procedure are shown in 
Table II. For the accurate analysis of the amount of acetoin occurring in 
normal blood it is necessary to use the maximum amount of filtrate that can 
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be obtained from a relatively large sample of blood, e.g. 15 to 25cc. When 
the blood acetoin is elevated slightly, a satisfactory analysis can be run on 
the filtrate obtained from 5 cc. of blood. 

In developing this method for the determination of acetoin in blood, 
various procedures were tested for the completeness of recovery of added 
acetoin, and were accordingly developed further or discarded. Direct color 
development with a tungstic acid or zine hydroxide filtrate of blood could 
not be employed because of the appearance of a yellow-brown color during 
the reaction. When the blood filtrate was oxidized directly with the iron 


> 


a | salts previously described and the biacetyl obtained in the distillate was 
as determined colorimetrically, low recoveries were obtained. This was due 
as primarily to the presence of urea in the blood filtrate; urea reacted with the 
a 3 biacetyl, resulting from the oxidation of acetoin, to form a diureide (18, 19). 
- In order to avoid this type of interference by urea (and to a lesser extent by 
ILI 

s He Formation of Biacetyl from Glucose by Acid Hydrolysis and Subsequent Oxidation | 
| Biacetyl formed 

| 1.2 HeSO. | 2.2 HeSOy 4.2 
| 0.44 0.97 3.14 

0.82 | 4.35 

1.63 3.89 5.30 

4 q 9 mg. of glucose in approximately 15 cc. of the indicated acid were heated ina 
- stoppered tube in boiling water for the indicated time. After cooling and adding 4 
6S ec. of the FeCl;-FeSO, solution, the tube was restoppered and heated an additional 
4 f | 30 minutes. The biacetyl was then distilled and determined colorimetrically. 

{ ; uric acid and allantoin) the acetoin was first distilled from the filtrate and 
7 subsequently oxidized to biacetyl for the purpose of concentrating the 
it latter. 

4 ; Artifacts in Acetoin Analyses—During the studies incidental to develop- 
4 i ing the method for determining blood acetoin, it was observed that rela- 
: tively large amounts of biacetyl could be obtained from a blood filtrate by 
4 ; subjecting the latter to an acid hydrolysis prior to oxidation with the FeCl) 
= FeSO, mixture. Most of this newly formed biacetyl was found to be 
: derived from glucose, and was unrelated to the preexisting blood acetoin. 
a Although the existence of a bound form of acetoin in blood cannot be denied 
he categorically, its existence in appreciable amounts is unlikely, since neither 
_ the blood filtrate nor glucose gave rise to any large amount of biacetyl when 
, the oxidizing mixture of FeCl;-FeSO, was present throughout the hydrolysis. 


Table III shows the amount of biacetyl formed from crystalline glucose 
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under various conditions of acid hydrolysis and subsequent oxidation with 
the iron salts. The identity of the biacetyl formed from glucose was estab- 
lished by the following experiments. (a) No color was obtained in the 
biacetyl analysis if either creatine or a-naphthol was omitted from the 
reaction (the small amounts of biacetyl tested could not give a Voges- 
Proskauer reaction in the absence of a-naphthol). (b) 750 y of biacety! 
were obtained by heating | gm. of glucose in 50 ec. of 10 N H,SO, for 6 hours, 
diluting, and oxidizing with the FeCl-FeSO, solution; the biacetyl was 
concentrated to a 5 ce. volume by two distillations, and a copious red pre- 
cipitate characteristic of nickel dimethylglyoxime was obtained when this 
solution Was treated with hydroxylamine in the presence of a nickel salt (3). 
(c) 960 y of biacetyl were similarly obtained after heating | gm. of glucose 
in 200 cc. of 4 N H,SO, for 6) hours, and the eqneentrated solution of 
biacety! was allowed to react with 2,4-dinitrophenylhydrazine in 2 N HCI. 
The precipitate was centrifuged, washed with water and alcohol, and recrys- 
tallized from nitrobenzene. The crystals were identical with the bis-2,4- 
dinitrophenylhydrazone of biacety! in appearance and melting point (315°), 
and showed no depression on mixing with an authentic sample. 

Pyruvate and lactate gave rise to small amounts of biacetyl when they 
were treated by the procedure used in oxidizing acetoin to biacetyl. A 
solution of 100 mg. of sodium pyruvate in 7 cc. of water, 1 ce. of 10 N 
H.SO,, and 2 cc. of the FeCl-FeSO, mixture was heated in a stoppered tube 
for 1 hour and then distilled; 75 y of biacetyl were obtained in the distillate, 
and its identity substantiated by conversion to the red precipitate charac- 
teristic of nickel dimethylglvoxime. A similar treatment of 100 mg. of 
lactic acid yielded 2.4 y of biacetyl, while 100 mg. of alanine gave none. 

The preliminary distillation of acetoin from the blood filtrate was neces- 
sarv in order to eliminate interference by substances that combined with 
biacetyl, as well as those that gave rise to it during the chemical reactions 
incidental to its determination. We cannot be certain that the small 
amount of acetoin found normally in blood was not an artifact due to the 
distillation of some other substance that gave biacetyl when treated with 
acid FeCl,-FeSO,. That the chromogenic material obtained from blood was 
actually biacety! was indicated by the absence of color when creatine or 
a-naphthol was omitted from the test, and the formation of the characteris- 
tic red precipitate when the biacety! obtained from 680 ce. of beef blood 
was treated with hvdroxvlamine and a nickel salt. Enrichment of the blood 
with 10 mg. per cent of sodium pyruvate, 10 mg. per cent of acetaldehyde, 
300 mg. per cent of glucose, or 200 mg. per cent of alcohol did not alter the 
amount of biacetyl obtained in the analysis. 

It is probable from these studies that the major part of the acetoin pre- 


Viously identified in normal blood (20) was actually formed from some other 
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constituent, such as pyruvate, during the chemical reactions involved in the 
isolation procedure. The relatively large amount of acetoin previously 
reported (21) in normal blood is undoubtedly an artifact for the same 
reason. 
Normal Blood Acetoin—The acetoin concentration in freshly drawn blood 

from the rat, dog, cat, fasted rabbit, pig, and cow varied from 0.005 to 0.015 
mg. per cent, with most of the values falling between 0.007 and 0.012 mg. 
percent. Pigeon blood averaged about 0.03 mg. per cent. The concentra- 
tion of acetoin in beef plasma was approximately 80 per cent of that ob- 
served in whole blood; when the acetoin concentration was eclevated to 

. 0.365 mg. per cent in rat blood by the administration of acetaldehyde, the 

plasma contained 0.413 mg. per cent. 

4 SUMMARY 

aS A method has been described for the colorimetric determination of ace- 

. toin in blood. Possible interference from several constituents of normal 

blood was described. 

4 . The normal blood concentration of acetoin in most of the species studied 

< 4 was approximately 0.01 mg. per cent. 
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THE METABOLISM OF ACETALDEHYDE* 


By MARTIN LUBIN ann W. W. WESTERFELDt 
(From the Department of Biological Chemistry, Harvard Medical School, Boston) 


(Reeeived for publication, September 11, 1945) 


It is relatively certain that the first step in the metabolism of ethyl 
alcohol is an oxidation to acetaldehyde (1). The only known enzyme that 
will attack alcohol is the alcohol dehydrogenase which converts it to 
acetaldehyde. This enzyme is located almost exclusively in the liver, 
and there is abundant evidence from perfusion studies and liver poisoning 
that the liver is the principal organ in the body capable of the initial oxi- 
dation of aleohol. Moreover the blood acetaldehyde is appreciably eleva- 
ted in some species during alcohol metabolism (2). 

The immediate fate of the acetaldehyde so produced is unknown. Stud- 
ies in vitro have shown that there exist in animal tissues at least four or 
five different enzymes capable of utilizing acetaldehyde as a substrate. 
These enzymes are the following (3, 4): (1) Xanthine oxidase (Schardinger 
enzyme), a flavoprotein that not only oxidizes coenzyme I and certain 
purines but is also capable of converting acetaldehyde to acetic acid with 
a direct utilization of oxygen. It is loeated primarily in the liver, but is 
also found in the red blood cells and milk of some species. Another flavo- 
protein found in liver, the aldehyde oxidase, is similar to the Schardinger 
enzyme, but its action is limited to aldehydes. (2) Aldehyde mutase, 
classically defined as an enzyme that converts 2 moles of acetaldehyde to 
| mole of aleohol and | mole of acetic acid. However, since diphospho- 
pyridine nucleotide (coenzyme 1) acts as a hydrogen carrier in this reaction, 
the oxidation-reduction is not limited to a reaction between 2 moles of 
acetaldehyde, but preferentially takes place with 1 mole of acetaldehyde 
and 1 mole of another substrate (¢.g. pyruvate) acting as the hydrogen 
acceptor. The result of this type of coupled reaction would be the oxida- 
tion of acetaldehyde to acetic acid and the reduction of pyruvate to lactate. 
This enzyme is localized primarily in the liver in animal tissues, but is 
also found in yeast and bacteria. (3) Aldolase, an enzyme found in 
muscle and veast that splits fructose diphosphate into triose phosphates; 
the reaction is reversible and the enzyme is also capable of recombining 
aldehydes, such as acetaldehyde, with the dihydroxyacetone phosphate, 
to form in this case a methyl tetrose phosphate. The possible significance 
of this enzyme and this type of reaction in the ultimate fate of acetaldehyde 


*This study was supported by a grant from the Nut*tition Foundation, Ine. 
tPresent address, Syracuse University College of Medicine, Syracuse, New York. 
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is obscure. (4) Animal carboxylase, a diphosphothiamine enzyme, widely 
distributed in animal tissues and abundant in muscles, that condenses 
acetaldehyde with pyruvate to form acetoin. 

Theoretically in the intact animal all of these enzymes could be in- 
volved in the metabolism of acetaldehyde, and there is always the possibi- 
lity that acetaldehyde enters into reactions not yet discovered. Of the 
known possibilities studied in vivo itis improbable that the classical mutase 
action (conversion of 2 moles of acetaldehyde to 1 mole of alcohol and |} 
mole of acetic acid) plays any major role in the metabolism of acetaldehyde, 
since alcohol is not formed during the metabolism of acetaldehyde (5). 

The studies herein described were carried out to determine the relative 
importance of the acetoin pathway in the metabolism of acetaldehyde. 
Since the xanthine-aldehyde oxidase and aldehyde mutase are found 
primarily in the liver, while the aldolase and carboxylase are abundant in 
muscles, the importance of the liver in the metabolism of acetaldehyde 
was determined following the removal of various organs; it was found 
that the liver plays a very important réle in acetaldehyde metabolism. 
The metabolism of acetaldehyde during thiamine deficiency was also 
studied since only the acetoin-forming enzyme is known to be a diphos- 
phothiamine protein; the rate of acetaldehyde metabolism was affected 
only slightly. Therefore acetoin does not appear to be the major product 
of acetaldehyde metabolism. 


EXPERIMENTAL 
Methods 


Cats were anesthetized by intraperitoneal injection of 0.7 ce. of dial! 
per kilo, and 1 to 2 cc. of heparin® was injected into the exposed femoral 
vein before a glass cannula was inserted into the carotid artery. Blood 
samples were removed from the carotid cannula, after a small “wash-out” 
fraction was discarded and the cannula was attached to a mereury manom- 
eter for recording blood pressure. The arterial pressure was maintained 
above at least 80 mm. of Hg throughout most of the experiments by 
transfusion with normal cat blood when necessary. 

A 1:5 tungstic acid filtrate was prepared immediately from each 5 ce. of 
blood sample (oxalated), and the precipitate was removed by centrifuging. 
All manipulations were carried out rapidly in stoppered vessels in an ice 
bath. Each protein-free filtrate was analyzed for acetaldehyde (2) and 
acetoin (6). A control blood sample was removed prior to the injection 
of 2 cc. per kilo of a 2 per cent solution (by weight) of acetaldehyde in 09 


+The dial contained 0.1 gm. of diallylbarbituric acid, 0.4 gm. of urethane, and 04 
gm. of monoethylurea per cc. 
2?Lilly, 10 mg. of sodium heparin per cc. 
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per cent saline into the femoral vein over exactly 5 minutes, and additional 
blood samples were taken at 3, 5, 10, 15, 20, and usually 30 minutes after 
completing the acetaldehyde injection. 

Various abdominal organs were removed by standard surgical pro- 
cedures (7), and the weight of each animal was corrected for the removed 
viscera. The operations included nephrectomy, nephro-hepatectomy, 
and total and partial evisceration. In partial evisceration the stomach, 
intestines, spleen, and pancreas were removed; the liver and kidneys were 
giso removed in total evisceration. Operations involving removal of the 
liver were carried out essentially by the method of Markowitz (7), in 
which that portion of the vena cava passing through the liver was sup- 
planted by a glass cannula. Heparin was used in all experiments to 
maintain standardized conditions, but was primarily useful in avoiding 
clotting in those experiments in which a cannula was inserted in the 
abdominal vena cava. 

High levels of blood acetaldehyde were fatal in the absence of artificial 
respiration, and the latter was supplied when necessary through a tracheal 
cannula during the first 5 to 10 critical minutes of the experiment. Arrtifi- 
cial respiration was used in the studies on eviscerated and hepatectomized 
animals as well as in normal cats when twice the usual dose of acetaldehyde 
was administered. Liverless animals were also given hourly 10 cc. per 
kilo of 10 per cent glucose in saline intravenously. 


Results of Organ Removal 


The rate of disappearance of the blood acetaldehyde in normal cats and 
after the removal of various organs is shown in Fig. 1; the corresponding 
changes in blood acetoin are shown in Fig. 2. These curves represent the 
average of the results obtained in two normal, two nephrectomized, three 
nephro-hepatectomized, four totally eviscerated, and two partially eviscer- 
ated cats; individual curves within each group were consistently close 
to the average result shown. | 

Comparison of these curves (Fig. 1) shows that the rate of acetaldehyde 
metabolism was appreciably slowed only when the liver was excluded. 
Removal of the kidneys alone had only a slight effect, while removal of 
both the kidneys and the liver greatly retarded the rate of disappearance 
of the blood acetaldehyde. Similarly the effect of partial evisceration was 
small, even though the portal circulation to the liver was eliminated, while 
the additional removal of the kidneys and the liver in total evisceration 
gave the maximum slowing of acetaldehyde metabolism that was observed. 
A single experiment in a depancreatized cat that had been operated on 11 
days previously and deprived of insulin for 72 hours vielded results similar 
to those obtained in the nephrectomized animals. 
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The formation and disappearance of blood acetoin (Fig. 2) roughly 
paralleled the blood acetaldehyde level. In the normal animal the blood 
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Fic. 1. Blood acetaldehyde disappearance in cats after removal of various organs. 
40 mg. of acetaldehyde per kilo were injected intravenously during the 5 minutes im- 
mediately preceding 0 time. J, intact normal cat; PE, partial evisceration; N, 
nephrectomy; \H, nephro-hepatectomy; F, total evisceration. 
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Fic. 2. Blood acetoin changes after acetaldehyde administration to cats deprived 
of various organs. For explanation of the symbols, see Fig. 1. 


acetoin was increased from the control value of 0.015 mg. per cent to 
about 0.03 mg. per cent at the 3 minute point. With a slightly elevated 
blood acetaldehyde, as in the nephrectomized and partially eviscerated 
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animal, the corresponding blood acetoin was 0.08 to 0.09 mg. per cent. 
The absence of the liver in both the nephro-hepatectomized and totally 
eviscerated preparation led to a marked and prolonged elevation of the 
blood acetoin. This could have been due to the prolonged elevation of 
blood acetaldehyde in these experiments, a slower rate of removal of 
acetoin in the absence of the liver, or the diversion of a larger proportion of 
the acetaldehyde through the acetoin pathway. 

The effect of an elevated blood acetaldehyde per se on the acetoin curve 
was determined in three normal cats by injecting twice the usual dose, 
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Fie. 3. Blood acetaldehyde and acetoin changes following a large dose of acetal- 
dehyde. Curves Cl and C2, blood acetaldehyde and acetoin respectively in normal 
eats following the intravenous administration of 80 mg. of acetaldehyde per kilo 
during the 5 minutes immediately preceding 0 time. Curves El and E2, blood acetal- 
dehyde and acetoin respectively in eviscerated cats following the administration of 
40 mg. of acetaldehyde per kilo (same curves as are shown in Figs. 1 and 2). 


ie. 4 ec. per kilo of 2 per cent acetaldehyde, over the usual 5 minute 
period. Curves for blood acetaldehyde and acetoin are shown in Fig. 3 
for comparison with the results previously observed in eviscerated animals. 
Since the blood acetaldehyde curves in the two experiments are approxi- 
mately equivalent, while the acetoin curves are markedly different, it is 
apparent that the elevated acetoin curves in the hepatectomized animals 
did not result from an elevated blood acetaldehyde per se. 

A direct study of the réle of the liver in acetoin metabolism was made by 


‘following the disappearance of acetoin injected intravenously into two 
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normal, two nephrectomized, and.two nephro-hepatectomized cats. The 


experiments were conducted as previously described except that 0.4 ¢e, 


per kilo of 5 per cent dl-acetoin instead of the acetaldehyde was injected 

into the femoral vein over 2 minutes. The average results, illustrated jn _ 
Fig. 4, indicate a delayed metabolism of acetoin in the absence of the liver, 
but the effect is not great. It is therefore concluded that in the absence — 


of the liver a larger proportion of administered acetaldehyde is metab- 
olized via the acetoin pathway. 

The control blood samples removed after anesthetization and prior to 
the injection of acetaldehyde or acetoin contained an average of 0.44 mg, 
per cent of acetaldehyde and 0.015 mg. per cent of acetoin. The latter 
figure wds within the normal range (6) but the normal blood acetaldehyde 
of 0.02 to 0.05 mg. per cent was elevated by the dial anesthesia. Ether 
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Fic. 4. Disappearance of blood acetoin in the absence of various organs. 20 mg 
of dl-acetoin per kilo were injected intravenously into cats during the 2 minutes 
immediately preceding 0 time. J, intact normal cat; \, nephrectomy; VH, nephro- 
hepatectomy. 


and nembutal anesthesia did not increase the blood acetaldehyde above 
0.03 mg. per cent, and the effect of the dial was attributed to the meta- 
bolic formation of acetaldehyde from the urethane and monoethylurea 
contained therein. 

Excretion of Acetaldehyde—The acetaldehyde excreted in the expired 
air during its administration and for 30 minutes afterward was measured 
in several of the experiments previously described by trapping it in br 
sulfite and estimating it colorimetrically. The absorption of acetaldehyde 
in the bisulfite trap was proved to be complete by a test run in which 5 mg. 
of acetaldehyde were aerated from a solution at 37° for } hour by the arti- 
ficial respiration apparatus. Normal cats given the usual dose of 40 mg. 
of acetaldehyde per kilo over 5 minutes excreted about 2.5 per cent in the 
expired air; totally eviscerated cats excreted about 3.5 per cent. Since the 
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injected acetaldehyde had largely disappeared from the blood by the end 
of the experiment, the disappearance curves represent metabolism rather 
than excretion. ‘The minor difference in acetaldehyde disappearance 
after nephrectomy indicates a negligible urinary excretion, and Briggs 
(8) found only a small amount of administered acetaldehyde excreted by 
the lungs or kidneys. 

Thiamine Deficiency—Acetaldehyde metabolism was studied in four 
thiamine-deficient cats (9) prepared by feeding ad libitum autoclaved 
Wilson’s dog food* supplemented with weekly injections of 1 mg. of panto- 
thenic acid and pyridoxine. A loss of 30 to 40 per cent of body weight 
occurred during the dietary period of 28 to 42 days before the deficiency 
symptoms of ataxic gait or complete paralysis appeared. At this point 
of relatively severe thiamine deficiency the acetaldehyde was injected and 
studied under the conditions previously described. 

The average results obtained for blood acetaldehyde and acetoin in 
these thiamine experiments are shown in Fig. 5. Comparison with Figs. 1 
and 2 shows that acetaldehyde metabolism was not appreciably delayed 
during thiamine deficiency (e.g. equivalent to nephrectomy). The acetoin 
formation, as reflected by blood levels, was curtailed but not eliminated; 
blood acetoin rose to about 0.03 mg. per cent, whereas a level of 0.08 to 
0.09 mg. per cent would have been predicted from the blood acetaldehyde 
curve. 

Acetaldehyde metabolism was also studied in a thiamine-deficient dog 
produced by forcibly feeding a synthetic diet (10) for 70 days. At the 
time the first experiment was run the animal had lost 15 per cent of its 
body weight and showed the severe thiamine deficiency symptoms of 
paralysis and convulsive seizures. The dog was anesthetized with nem- 
butal, and 2.5 cc. of 4 per cent acetaldehyde in saline per kilo were injected 
into a superficial leg vein over 5 minutes. Blood samples were removed 
from the jugular vein at the usual intervals and treated as previously 
described. The experiment was repeated after 2 weeks, during which the 
dog received the same diet supplemented with injections of 10 mg. of 
thiamine daily; the deficiency symptoms disappeared completely within 
6 days of treatment. 

Curves for blood acetaldehyde and acetoin in this dog are shown in 
Fig. 6. During the thiamine deficiency the rate of acetaldehyde disap- 
pearance was slowed somewhat, and the acetoin formation, as reflected 
by blood levels, was practically abolished. Normal curves were obtained 
after 2 weeks of thiamine treatment. The magnitude of the difference in 
acetaldehyde metabolism observed in the dog during and after thiamine 
deficiency was similar to that previously noted between normal and thia- 


*Wilson’s Ideal Dog Food wetted and autoclaved for 6 hours at 15 pounds. 
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normal, two nephrectomized, and two nephro-hepatectomized cats. The 
experiments were conducted as previously described except that O04 ¢€. 
per kilo of 5 per cent dl-acetoin instead of the acetaldehyde was injected 
into the femoral vein over 2 minutes. The average results, illustrated jp 
Fig. 4, indicate a delayed metabolism of acetoin in the absence of the liver, 
but the effect is not great. It is therefore concluded that in the absenee 
of the liver a larger proportion of administered acetaldehyde is metab. 
olized via the acetoin pathway. 

The control blood samples removed after anesthetization and prior to 
the injection of acetaldehyde or acetoin contained an average of 0.44 mg, 
per cent of acetaldehyde and 0.015 mg. per cent of acetoin. The latter 
figure was within the normal range (6) but the normal blood acetaldehyde 
of 0.02 to 0.05 mg. per cent was elevated by the dial anesthesia. Ether 
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of dl-acetoin per kilo were injected intravenously into cats during the 2 minutes 
immediately preceding 0 time. J, intact norma! cat; .V, nephrectomy; NH, nephro- 
hepatectomy. 


and nembutal anesthesia did not increase the blood acetaldehyde above 
0.03 mg. per cent, and the effect of the dial was attributed to the meta 
bolic formation of acetaldehyde from the urethane and monoethylurea 
contained therein. 

Excretion of Acetaldehyde—The acetaldehyde excreted in the expired 
air during its administration and for 30 minutes afterward was measured 
in several of the experiments previously described by trapping it in br 
sulfite and estimating it colorimetrically. The absorption of acetaldehyde 
in the bisulfite trap was proved to be complete by a test run in which 5 mg. 
of acetaldehyde were aerated from a solution at 37° for } hour by the arti- 
ficial respiration apparatus. Normal cats given the usual dose of 40 mg. 
of acetaldehyde per kilo over 5 minutes excreted about 2.5 per cent in the 
expired air; totally eviscerated cats excreted about 3.5 per cent. Since the 
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injected acetaldehyde had largely disappeared from the blood by the end 
of the experiment, the disappearance curves represent metabolism rather 
than excretion. The minor difference in acetaltlehyde disappearance 
after nephrectomy indicates a negligible urinary excretion, and Briggs 
(8) found only a small amount of administered acetaldehyde excreted by 
the lungs or kidneys. 

Thiamine Deficiency—Acetaldehyde metabolism was studied in four 
thiamine-deficient cats (9) prepared by feeding ad libitum autoclaved 
Wilson’s dog food* supplemented with weekly injections of 1 mg. of panto- 
thenic acid and pyridoxine. A loss of 30 to 40 per cent of body weight 
occurred during the dietary period of 28 to 42 days before the deficiency 
symptoms of ataxic gait or complete paralysis appeared. At this point 
of relatively severe thiamine deficiency the acetaldehyde was injected and 
studied under the conditions previously described. 

The average results obtained for blood acetaldehyde and acetoin in 
these thiamine experiments are shown in Fig. 5. Comparison with Figs. 1 
and 2 shows that acetaldehyde metabolism was not appreciably delayed 
during thiamine deficiency (e.g. equivalent to nephrectomy). The acetoin 
formation, as reflected by blood levels, was curtailed but not eliminated; 
blood acetoin rose to about 0.03 mg. per cent, whereas a level of 0.08 to 
0.09 mg. per cent would have been predicted from the blood acetaldehyde 
curve. 

Acetaldehyde metabolism was also studied in a thiamine-deficient dog 
produced by forcibly feeding a synthetic diet (10) for 70 days. At the 
time the first experiment was run the animal had lost 15 per cent of its 
body weight and showed the severe thiamine deficiency symptoms of 
paralysis and convulsive seizures. The dog was anesthetized with nem- 
butal, and 2.5 cc. of 4 per cent acetaldehyde in saline per kilo were injected 
into a superficial leg vein over 5 minutes. Blood samples were removed 
from the jugular vein at the usual intervals and treated as previously 
described. The experiment was repeated after 2 weeks, during which the 
dog received the same diet supplemented with injections of 10 mg. of 
thiamine daily; the deficiency symptoms disappeared completely within 
6 days of treatment. 

Curves for blood acetaldehyde and acetoin in this dog are shown in 
Fig. 6. During the thiamine deficiency the rate of acetaldehyde disap- 
pearance was slowed somewhat, and the acetoin formation, as reflected 
by blood levels, was practically abolished. Normal curves were obtained 
after 2 weeks of thiamine treatment. The magnitude of the difference in 
acetaldehyde metabolism observed in the dog during and after thiamine 
deficiency was similar to that previously noted between normal and thia- 


*Wilson’s Ideal Dog Food wetted and autoclaved for 6 hours at 15 pounds. 
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mine-deficient cats. Both series of experiments indicate a minor réle of 
the acetoin-forming mechanism in acetaldehyde metabolism, since the 


former could be seriéusly curtailed without appreciably affecting the b 
latter. m 
The effect of inanition was studied in a dog in a similar series of ex- ac 
periments during a 30 day fast. There was a slight but insignificant delay ye 
in the rate of acetaldehyde disappearance; however, the blood acetoin did m 
not increase quite as much during fasting, the corresponding values at ar 
the 3 minute point being 0.11fand 0.17 mg. per cent of acetoin. The pr 
fre 
in 
act 
3 02 no 
Mc 
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Fic.5. Blood acetaldehyde and acetoin changes after acetaldehyde administration oie 
to cats during thiamine deficiency. 40 mg. of acetaldehyde per kilo were injected 
intravenously during the 5 minutes immediately preceding 0 time. Curve 1, blood prot 
acetaldehyde; Curve 2, blood acetoin in mg. per cent. | T 
Fic. 6. Blood acetaldehyde and acetoin changes following acetaldehyde admin- port 
istration to a dog during and after thiamine deficiency. 100 mg. of acetaldehyde per occu 
kilo were injected intravenously during the 5 minutes immediately preceding 0 time. acet: 
Curves Dl and D2, blood acetaldehyde and acetoin curves in mg. per cent during ‘ 
thiamine deficiency; Curves Tl and T2, the same after 2 weeks treatment with diate 
thiamine. latte 
acets 


effects observed during thiamine deficiency were appreciably greater than react 
those caused by inanition alone. 

Acetoin Formation—Acetaldehyde was the only substance tested whose 
administration increased the blood acetoin. This effect was observed in 4 Th 
variety of species, and the average results obtained in unanesthetized chany 
rats following the intraperitoneal injection of 200 mg. of acetaldehyde per hepat 
kilo were almost identical with the curves shown in Fig. 3 for the normal metal 
cats. No significant increase in the blood acetoin was observed in rats The | 
or dogs following the administration of glucose, insulin, glucose plus Sim 
insulin, alcohol, pyruvate, or alcohol plus pyruvate. of ace 
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DISCUSSION 

Acetoin is formed from administered acetaldehyde by a variety of species, 
but the reaction does not appear to be of major significance in the 
metabolism of acetaldehyde. The eviscerated preparation metabolizes 
acetaldehyde very slowly, compared with metabolism in the normal animal; 
yet the muscles are a good source of the acetoin-forming enzyme. If a 
major part of the acetaldehyde were converted to acetoin in the intact 
animal, the muscles would be expected to play an important role in this 
process. Instead it appears that the muscles form large amounts of acetoin 
from the acetaldehyde only when another pathway, localized primarily 
in the liver, is excluded. 

It is possible that in the intact animal the liver also forms acetoin from 
the acetaldehyde, and further metabolizes it at a rate that prevents its 
accumulation. This seems unlikely, since the hepatectomy studies did 
not indicate an especially important role of the liver in acetoin metabolism. 
Moreover the studies during thiamine deficiency showed that the rate of 
acetaldehyde metabolism was not appreciably retarded even when the 
acetoin formation was seriously curtailed. . 

This combination of results seems fairly conclusive in indicating that 
acetoin is not a major product of acetaldehyde metabolism in the intact 
animal. We have no reason to believe that the metabolism of small 
amounts of acetaldehyde formed continuously during alcohol metabolism 
would be appreciably different from that observed when acetaldehyde is 
administered, and it can therefore be assumed that acetoin is not a major 
product of alcohol metabolism. 

The evidence further indicates that the aldolase enzyme is not an im- 
portant factor in acetaldehyde metabolism, since the principal reaction 
occurs in the liver. Both of the known enzymes abundant in liver convert 
acetaldehyde to acetic acid, and in a choice between the mechanism me- 
diated by the flavoprotein or the diphosphopyridine nucleotide enzyme the 
latter is favored because of the increased blood lactate (11, 12) following 
acetaldehyde administration. This suggests a coupled oxidation-reduction 
reaction between acetaldehyde and pyruvate. 


SUMMARY 


The disappearance of administered acetaldehyde and the corresponding 
changes in blood acetoin were studied in cats after nephrectomy, nephro- 
hepatectomy, and total and partial evisceration. The rate of acetaldehyde 
metabolism was appreciably slowed only when the liver was removed. 
The level of blood acetoin roughly paralleled that of blood acetaldehyde. 

Similar studies in thiamine-deficient cats and a dog showed that the rate 


of acetaldehyde metabolism was not appreciably delayed when acetoin 
formation was seriously curtailed. 
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The results indicate a major réle for the liver and a minor rdéle for the 
acetoin-forming mechanism in acetaldehyde metabolism. 

No significant increase in the blood acetoin was observed in rats or dogs 
following the administration of glucose, pyruvate, or alcohol. 
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THE BIOLOGICAL ACTIVITY OF PANTOLACTONE AND 
PANTOIC ACID 


By PHILIP G. STANSLY ann MARY E. SCHLOSSER 


(From the Chemotherapy Division, Stamford Research Laboratoriesq American C yanamid 
Company, Stamford, Connecticut) 


(Received for publication, September 15, 1945) 


As far as we are aware, no distinction has been made between the biologi- 
eal activity of pantolactone (a,y-dihydroxy-8 ,8-dimethylbutyrolactone) 
and pantoic acid or its ion.! 

In connection with studies on the antagonistic action of pantoyltaurine 
on salicylate inhibition of Escherichia coli *? we have observed that pantoic 
acid, or, more properly, the pantoate ion, is more active than pantolactone. 

In low concentrations, salicylic acid is thought to inhibit growth of 
bacteria which synthesize pantothenate (e.g., Escherichia coli) by pre- 
venting the formation of pantoic acid or pantolactone (2). If such bacteria 
are supplied with pantothenic acid, pantoate, or pantolactone, the inhibi- 
tory effect of salicylate is nullified. Presumably, the pantoate or panto- 
lactone is used to synthesize pantothenic acid. The fact that pantoate is 
more active than pantolactone in antagonizing salicylate indicates that 
pantoate is more readily utilized than pantolactone for the synthesis of 
pantothenic acid. This suggests that the immediate precursor in the 
biological synthesis of pantothenic acid is pantoic acid or pantoate rather 
than pantolactone. 


EXPERIMENTAL 


A solution of 0.832 per cent (6.4 K 107? m) d(—)-pantolactone’ in 0.1 
N sodium hydroxide was hydrolyzed to the pantoate by allowing it to 
stand at room temperature (29°). The reaction was followed polari- 
metrically until no further change in rotation was observed. This occurred 
within an hour. The specific rotation, [a]” = +13°, compared favor- 
ably with that calculated from the data of Frost (3), and indicated 


‘After the completion of this manuscript, the article by Sarett and Cheldelin (1) 
appeared, in which these authors note that pantoic acid is 4 to 5 times more 
active than pantolactone as a growth factor for Acetobacter suborydans. It seems 
possible that the conditions which they used to hydrolyze the optically active lactone 
may have racemized the resulting acid. In this case, the relative activity would 
be twice that given, or about 9 times, as reported for Escherichia coli in the present 
communication. 

*Stansly, P. G., and Alverson, C. M., Science, in press. 

* Specific rotation [a]Jp = —49° (2 per cent solution). We wish to thank the Lederle 
Laboratories, Inc., for the pantolactone used in this study. 
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that hydrolysis was apparently complete. The solution was then di- 
luted with phosphate buffer, pH 6.8, and adjustment of the final 


solution to pH 6.8 was made with small amounts of dilute hydrochloric 
acid. The final buffer concentration was 0.02 m with respect to phosphate, 4 
This solution was assayed for activity simultaneously with a freshly pre- P 
= pared solution of 8 XK 107° m d(—)-pantolactone in 0.02 mM phosphate h 
f buffer, pH 6.8, after sterilizing by filtration through a sintered glass filter, a 
. The assay consisted of measuring the growth response to various con- tl 
; centrations of pantoate and pantolactone of Escherichia colt inhibited by 7 
4 salicylic acid. MacLeod’s chemically defined medium (4) containing d 
be 
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Fic. 1. Relative activity of pantoate and pantolactone. <A turbidity of 20 units 
corresponds to approximately 100 million viable cells per ml. 


10 mg. per cent of salicylic acid was used for these experiments. An 
inoculum of approximately 6 million viable washed cells per ml. (from 4 
16 hour broth culture) was used and growth at 37° followed turbidimetr- 
cally (5). 

Fig. 1 shows the relation between the log of the concentration and the 
turbidity at 8 hours when multiplication was logarithmic. For any 
given turbidity, the antilog of the log of the concentration of pantolactone 
minus the log of the concentration of pantoate expresses the relative 
activity of the two drugs. The results indicate that pantoate is about 9 
times more active than pantolactone in antagonizing salicylate inhibition. 
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It should be noted that this ratio is merely an expression of the relative 
activity of two solutions prepared in the described manner. It is possible 
that at least part of the activity in the solution of pantolactone may 
actually have been due to pantoate. Frost (3) has shown that a rather 
slow hydrolysis of pantolactone occurs at pH 6.6 and 60°. However, we 
have not observed any definite increase in biological activity of a solution 
of pantolactone allowed to incubate at pH 6.8 for 24 hours at 37°. On 
the other hand, after 24 hours at 37°, a solution of pantolactone at pH 
7.8 was found to be 2.5 times as active as it was initially, indicating hy- 
drolysis of about 28 per cent. The hydrolysis was accompanied by a 
change in the buffer (0.02 Mm phosphate) from pH 7.8 to 7.4. 


SUMMARY 


Pantoic acid, or, more properly, the pantoate ion, has been shown to 
be approximately 9 times more active than pantolactone in antagonizing 
thé inhibitory action of salicylic acid on Escherichia coli. This suggests 
that pantoate is more readily utilized than pantolactone by Escherichia 
coli for the synthesis of pantothenic acid. It therefore appears likely 
that the immediate precursor in the biological synthesis of pantothenic 
acid is pantoic acid or pantoate, rather than pantolactone. 
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DETERMINATION OF THE DEGREE OF HYDROLYSIS OF 
PARTIAL ACID HYDROLYSATES OF CASEIN AND FIBRIN 


By DOUGLAS V. FROST ann JEAN HEINSEN 
(From the Abbott Laboratories, North Chicago) 


(Received for publication, July 16, 1945) 


White and Elman (1) in 1942 described conditions for the partial acid 
hydrolysis of proteins under which most of the tryptophane was retained 
undamaged. ‘These hydrolysates appeared suitable for intravenous injec- 
tion, as was reported briefly in the same communication. Studies have 
since been carried out by Risser, Schenck, and Frost (2) in these laborato- 
ries which demonstrate that partial acid hydrolysates prepared from casein 
and fibrin are well utilized by the dog when administered by vein. Of par- 
ticular interest in regard to the nature of such hydrolysates is the degree 
of hydrolysis; z.e., the ratio of free amino acids to those in peptide linkage 
and the relative size of the peptide fragments. 

Experiments were made to determine the variation in the degree of hy- 
drolysis of casein and fibrin which would occur at intervals ranging from 2 
to 24 hours in boiling 2.8 ~ sulfuric acid. Experiments were also carried 
out to show the effect of rapid hydrolysis in the autoclave at elevated tem- 


perature. 
Methods 


Partial Acid Hydrolysis—Casein (Casein Company of America) and 
blood fibrin (Armour) were hydrolyzed for 2, 4, 5, 6, or 24 hours in boiling 
2.8 N sulfuric acid. The concentration of protein to acid was 1:5 W/V. 
The sulfuric acid was removed as barium sulfate and the filtrate and wash- 
ings were treated with decolorizing carbon to yield clear solutions of pH 5.0 
to 5.5. 

The pressure hydrolysis was carried out with 1.4 N sulfuric acid, the 
mixture being stirred in a small glass-lined steam-jacketed tank for 33 hours 
at 127°. 

“Complete” Hydrolysis —A part of the 6 hour partial hydrolysate of each 
protein was made 8 Nn with concentrated sulfuric acid and refluxed for 16 
hours to provide the standard for “complete” hydrolysis. Sodium hy- 
droxide was used for neutralization of these hydrolysates before analysis 
for amino nitrogen and free amino acid nitrogen. 

Total nitrogen and ammonia nitrogen determinations were made on all 
hydrolysates by micro-Kjeldahl (Pregl). 

Amino nitrogen was determined by the Van Slyke nitrous acid method 
(3). Under the conditions of analysis, about 30 per cent of the ammonia in 
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the hydrolysates was found to be measured as amino nitrogen, as described 
recently by Irving, Fontaine, and Samuels (4). 

Free amino acid nitrogen was determined by the ninhydrin method of 
Van Slyke, Dillon, MacFadyen, and Hamilton (5). The all-glass reaction 
vessel described by Hamilton and Van Slyke (6) was used and the reaction 
with ninhydrin was carried out at pH 2.5. 


Results 


Values for free amino acid nitrogen in complete hydrolysates of casein 
and fibrin were consistently found to be about 84 and 87 per cent respee- 
tively of the total nitrogen minus ammonia nitrogen. Amino nitrogen 
values were more variable than the ninhydrin values. Average values 
were 76 and 82 per cer.t respectively of the total nitrogen minus the ammo- 
nia nitrogen for complete hydrolysates of casein and fibrin. Ammonia 
nitrogen represented about 10 per cent of the total nitrogen in all hydroly- 
sates, indicating that hydrolysis of amide nitrogen was complete at the 
first stage of hydrolysis studied. 

Table I summarizes the essential data. 


DISCUSSION 


From Table I it is seen that a gradual liberation of free amino acids 
occurs under the conditions of the hydrolysis. The remainder of the amino 
acids presumably exists in peptide form. It would seem likely that there 
is a gradual reduction in average peptide size as hydrolysis proceeds, and 
this is indicated from the following calculations. 

Stein, Moore, and Bergmann (7) calculated the average peptide size of 
partial acid hydrolysates of silk fibroin from the data for total amino nitro- 
gen and free amino acid nitrogen. They stipulated that in order to apply 
this principle there should be essential agreement between values obtained 
by the two gasometric methods as applied to complete hydrolysates of the 
protein in question. They also stated that the non-amino nitrogen of the 
protein should be low, but there appears to us to be no theoretical reason 
why this latter criterion need apply. The important limitation in applica- 
tion of the principle to hydrolysates of proteins in general appears to be 


the errors inherent in the methods; 7.c., the overmeasurement of asparti¢ 


acid by the ninhydrin method, and the failure of the nitrous acid method to 
measure proline and hydroxyproline. It appears logical, therefore, that 
where the approximate content of these amino acids is known the max- 
mum error due to their presence can be predicted, and calculations can be 
made to delimit the true values. 

Ideally, the average peptide length of a partial protein hydrolysate is 
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equal to the total amino nitrogen present in peptides divided by the peptide q! q : 
amino nitrogen. ‘The first value is obtained by subtracting the free amino : 
acid nitrogen of the partial hydrolysate from the free amino acid nitrogen ig 
value for the corresponding complete hydrolysate. The latter value is oi 
obtained by subtracting the free amino acid nitrogen from the total amino no 
nitrogen of the partial hydrolysate in question. In the case of the 2 hour 7 
easein hydrolysate (Table I), the equation will be (84 — 14.2) + (30.6 — ; Hl 
14.2) = 4.2. 

The above value, 84 per cent, for the free amino acid nitrogen of the a 
complete casein hydrolysate requires correction due to overmeasurement of wy 
aspartic acid. The aspartic acid content of casein is of the order of 6 per @ 

I 1 

Hydrolysis of Casein and Fibrin by 2.8 ~ Sulfuric Acid | , 

Protein Hydrolysis Amino N | Free amino acid N a 

hrs per ceni* | per ceni* ai 
Casein Complete | 7 | st a 

2 | 30.6 14.2 

" 4 | 35.2 | 16.8 A 

5 41.4 | 22.2 

ri 42.7 | 23.5 

24 63.58 48.5 

Fibrin Complete | S2 87 | i 

2 34.2 17.6 

4 | 44.5 28.5 

5 44.6 29.5 

5 45.4 29.9 

6 46.4 | 32.0 

“ 6 | 48.8 | 32.5 if 

24 | 66.0 | 52.4 

" | 3 at 127° 34.8 | 25.2 a 

* Expressed in per cent of the total nitrogen minus the ammonia nitrogen. | i 


cent, according to the compiled values of Block and Bolling (8). Calcu- 
lating from the known nitrogen content of aspartic acid and of casein, we 
find that about 5 per cent of the total nitrogen of casein is aspartic acid 
nitrogen. Since aspartic acid yields exactly twice the theoretical equiva- 
lent of CO, in the ninhydrin reaction, we can assume that the value 84 per 
cent for the complete hydrolysate of casein is about 5 per cent too high. 
Similarly the proline and hydroxyproline content of casein is reported to be 
about 8 and 2 per cent, respectively, and this leads to a negative error of 
about 9 per cent in the nitrous acid method. This is partly compensated 
for by the fact that a positive error of close to 3 per cent results from the 


‘Ke 


x: 


| 
| 
| 
| 
2 


520 HYDROLYSATES OF CASEIN AND FIBRIN 


measurement of 30 per cent of the ammonia of the samples as amino nitro- 
gen. Thus the results of the nitrous acid method as applied to complete 
hydrolysates of casein are about 6 per cent too low. It will be seen that 
application of these corrections in Table I gives values for the two methods 
only a few per cent apart. The correction actually overcompensates for 
the discrepancy in values between the two methods. 

The individual errors in the methods as applied to partial hydrolysates 
are probably smaller than fgr the complete hydrolysates; however, since 
they undoubtedly vary with the degree of hydrolysis, no allowances can 
be made for them. In any case, it will be seen that maximum corrections 
that need be made would change the calculation for average peptide length 
by less than 1 unit and would yield values somewhat lower than those 
obtained from the data of Table I. Calculation of the data for the pro- 
gressive degrees of hy Jrolysis indicates that the average peptide length is 
at the tetrapeptide stage after about 2 hours, the tripeptide stage at about 
6 hours, and the dipeptide stage at 24 hours or less. Thus the data can be 
used to reflect the relative change in average peptide size within limits, 
although the precise average peptide size may not yet be known. 

The errors in the case of fibrin hydrolysate are of a somewhat different 
order than those for casein; however, the changes in average peptide size 
for the progressive stages of hydrolysis appear to be similar to those for 
casein. 

It will be noted that values for the hydrolysate prepared in the autoclave 
do not appear to agree with the values obtained by the other hydrolysates. 
Other criteria in this laboratory have indicated differences between hy- 
drolysates prepared in the autoclave and those prepared by refluxing. 
Rearrangement and ring formation in peptides might be expected to occur 
under pressure at temperatures of 120° and above, according to the early 
findings of Abderhalden and Komm (9). Such reactions would probably 
lead to unpredictable analytical values and would conflict with the above 
hypothesis. 

It is interesting to note that a considerable part of the hydrolysis took 
place in the first 2 hours and that hydrolysis was relatively slow thereafter. 
With Chibnall’s (10) estimate of the weight of amino acids obtained from 
hydrolysis of 100 gm. of casein, 1.e. 115.4 gm. of amino acids and an average 
equivalent weight of 133 for the amino acids of casein, it is possible to 
estimate that complete hydrolysis of 100 gm. of casein gives rise to 0.87 
equivalent of amino acids. Since only 1.4 equivalents of sulfuric acid are 
used in the hydrolysis per 100 gm. of casein, the effective acid concentration 
decreased rapidly as the ampholyte concentration increased. This factor 
probably contributes to the decrease in the rate of hydrolysis with increasing 
time of hydrolysis. 
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2, 4, 5, and 6 hour hydrolysates of casein and fibrin have all been used 
successfully intravenously in nitrogen balance studies in dogs in this labo- 
ratory. There has not appeared to be much choice between them with 
regard to their ability to maintain nitrogen balance. It has been apparent 
for some time that peptides of the type dccurring in such partial acid 
hydrolysates are well utilized on injection. Just how large these peptides 
may be and still be utilized is not known. 


SUMMARY 


Hydrolysates of casein and fibrin were prepared by hydrolyzing 20 per 
cent solutions of the proteins for 2, 4, 5, 6 and 24 hours in 2.8 n sulfuric 
acid. Variations in the degree of hydrolysis were determined by the Van 
Slyke gasometric methods for free amino acid and total amino nitrogen. 


We are indebted to Mr. Everett Doede for nitrogen determinations and 
for many check determinations of carboxyl N and total NH.-N; also to 
Mr. Carl Nielsen and Dr. E. H. Volwiler for encouragement and help in 
carrying out the project. 


BIBLIOGRAPHY 


1. White, A., and Elman, R., J. Biol. Chem., 143, 797 (1942). 
2. Risser, W. C., Schenck, J., and Frost, D. V., Science, in press. 
3. Van Slyke, D. D., J. Biol. Chem., 83, 425 (1929). 
4. Irving, G. W., Jr., Fontaine, T. D., and Samuels, C. 8., Arch. Biochem., 4, 347 
(1944). 
5. Van Slyke, D. D., Dillon, R. T., MacFadyen, D. A., and Hamilton, P., J. Biol. 
Chem., 141, 627 (1941). 
6. Hamilton, P. B., and Van Slyke, D. D., J. Biol. Chem., 160, 231 (1943). 
7. Stein, W. H., Moore, 8., and Bergmann, M., /. Biol. Chem., 164, 191 (1944). 
8. Block, R. J., and Bolling, D., The amino acid composition of proteins and 
foods, Springfield (1945). 
9. Abderhalden, E.,and Komm, E., Z. physiol. Chem., 136, 134 (1924) ; 189, 147 (1924). 
10. Chibnall, A. C., Proc. Roy. Soc. London, Series B, 131, 136 (1942). 


7 


a 


= = Aa SSS BES as 


| 


THE ISOLATION OF a-GLYCERYLPHOSPHORYLCHOLINE FROM 
INCUBATED BEEF PANCREAS: ITS SIGNIFICANCE FOR 
THE INTERMEDIARY METABOLISM OF LECITHIN* 
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(From the Boston Dispensary, the Joseph H. Pratt Diagnostic Hospital, 
and Tufts College Medical School, Boston) 


(Received for publication, July 30, 1945) 


The structure of the phosphatides suggests the assumption that their 
enzymatic hydrolysis represents a stepwise degradation leading to the 
intermediary formation of simpler esters of phosphoric acid prior to the 
liberation of inorganic phosphate. Since the chemical nature of. these 
intermediary products in mammalian tissues is as yet unknown, an investi- 
gation of the problem was undertaken. 

At the outset of our work it became clear that our original plan of study- 
ing the phosphorus-containing products formed during the action of purified 
enzymes on pure phosphatides had to be modified. It was found that only 
fresh suspensions of some tissues were sufficiently active to permit the 
isolation of products of the enzymatic hydrolysis of phosphatides. Such 
suspensions contained considerable amounts of phospholipids which were 
rapidly hydrolyzed during the incubation, but the addition of pure phos- 
phatides enhanced the action of the phospholipid-splitting enzymes only to 
a relatively small! extent. 

It was therefore decided to study the fate of the preformed sieuaiesiides 
during a short incubation of tissue suspensions. This method of approach 
entailed considerable difficulties. It precluded any attempt to separate 
the phospholipid-splitting enzymes from the phosphatases which hydro- 
lyzed the intermediary phosphoric esters and thereby interfered with their 
accumulation. Moreover, it complicated the detection and isolation of 
such intermediary esters by the necessity of separating them from the large 
amount of phosphorus compounds originating from other enzyme reactions 
such as glycolysis or the hydrolysis of nucleic acids. 

In the experimental part, it will be demonstrated that the decrease of the 
phospholipids during the incubation of mammalian tissues is accompanied 
by the appearance of an acid-soluble phosphorus fraction which can be 
separated from the bulk of other acid-soluble P compounds by its solubility 
in alcohol. The amount of this fraction was always smaller than that of 
the phospholipids that had disappeared. The isolation of a diester of 

* This study was aided by grants from the Rockefeller Foundation, the Godfrey 
H. Hyams Trust Fund, the Bingham Associates Fund, and the Charlton Fund. 
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phosphoric acid, namely glycerylphosphorylcholine, from this fraction wil] 
be described. The structure of this diester in itself suggests its genetic 
relationship to lecithin. The quantitative correlation of the amounts of 
the alcohol-soluble, petroleum ether-insoluble P fraction formed to the 
decrease of the phospholipids strongly supports the assumption that 
glycerylphosphorylcholine is formed from lecithin by the action of specific 
“‘lecitholipases” which are not identical with the fat-splitting pancreas 
lipase, since active solutions of the latter enzyme are without effect on 
lecithin. 

A similar enzyme system was found in rice bran and in Aspergillus oryzae 
by Contardi and Ercoli (1) in 1935. When these authors incubated lysoleci- 
thin for 9 days with purified extracts of rice bran, which they designated as 
‘Jecithinase B,’’ they observed that a part of the phosphatide phosphorus 
became water-soluble without the liberation of inorganic P or choline. 
The water-soluble P fraction obtained after the incubation did not contain 
soaps or organically bound fatty acids. These observations were inter- 
preted by Contardi and Ercoli as evidence for the formation of glyceryl- 
phosphorylcholine. The product was not isolated in pure form by the 
Italian authors, but they described its solubility in alcohol and its precipita- 
tion from alcoholic solutions by cadmium chloride. In addition, they 
found that the cadmium chloride compound was very easily soluble in water. 
Since these findings agree with our own observations on the pure product 
obtained by us from incubated pancreas, the interpretation given by the 
Italian authors to the effect of rice bran extracts on lysolecithin appears to 
be justified. 

If the enzymatic liberation of both fatty acid radicals from lecithin in 
pancreas represents a simple hydrolytic cleavage, the assumption of an 
intermediary formation of lysolecithin is theoretically unavoidable. This 
important problem has not been studied in our present investigation. 
Belfanti and Arnaudi (2) claimed to have demonstrated the formation of 
lysolecithin after the incubation of lecithin with extracts from pancreas and 
salivary glands. Their conclusions, however, are not based on the isolation 
of pure lysolecithin from the incubated material. Nikuni (3) reported 
the isolation of lysolecithin from emulsions of egg lecithin after the incuba- 
tion with pancreas extracts. 


EXPERIMENTAL 


Determination of Lipid P—The minced tissue (usually 0.5 gm.) was sus 
pended in 2 cc. of water. The suspension was neutralized with a 0.15 
solution of sodium hydroxide against phenolphthalein and transferred into 


an Erlenmeyer flask containing approximately 40 volumes (100 to 150 ce.) | 


of a mixture of 3 parts of absolute alcohol and 1 part of ether; the mixture 
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was boiled for a few minutes on a steam bath and filtered into a round 
bottom flask. The residue on the filter was washed thoroughly with the 
alcohol-ether mixture. The filtrate was concentrated to dryness under 
reduced pressure and the residue reextracted with petroleum ether. The 
petroleum ether extract was filtered and the residue well washed with 
petroleum ether. In the combined filtrate and washings the total phos- 
phorus was determined according to the method of Fiske and Subbarow 
(4). 

Phospholipid-Splitting Activities of Various Mammalian Tissues—Table 
I demonstrates the phospholipid-splitting activities of various mammalian 
organs. The technique used was the same in all experiments, so that the 
results are quantitatively comparable. The tissues were minced with 
scissors and two samples of 0.5 gm. each weighed on cover-slips. The 


Taste I 
Phospholipid-Splitting Activities of Tissue 
The results represent mg. of P per 100 gm. of fresh tissue. 


Organ 
Initial value Initial value 
Striated muscle (rat)........... 44.8 32.4 8.8 6.8 
143.0 127.0 9.0 9.6 
49.6 34.0 3.2 10.6 
| | | 
Small intestines (rat)......... 52.0 | 0 | 1.5 | 26.0 
Pancreas (beef)................ 100.0 | 40.0 | 7.8 | 40.0 


material with the cover-slip was then placed in wide test-tubes which 
contained 2 cc. of water. One of the samples was neutralized against 
phenolphthalein' and then immediately transferred to a 500 ec. Erlen- 
meyer flask containing 100 cc. of the alcohol-ether mixture. The other was 
incubated for 3 hours at 37°. Subsequently, the suspension was neutralized 
against phenolphthalein and extracted with the alcohol-ether mixture. 

It can be seen that, during the incubation of the mucosa of the digestive 
system and of pancreas, a large part of the phospholipids disappears, while 


relatively small decreases of the phospholipid contents were observed in the 


other investigated tissues. The large relative and absolute decreases of the 
phospholipids in the incubated tissues of the digestive system offered favor- 
able conditions for the investigation of the hydrolysis products. 


1 The neutralization is necessary for the purpose of establishing comparable con- 
ditions for the extraction of the fresh and the incubated tissues. 
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An example of the quantitative distribution of the phosphorus fractions 
in non-incubated and incubated tissues is given in Table II. The principal 
results of this experiment are representative of the behavior of all investi- 
gated tissues of the digestive system; stomach mucosa, however, appeared to 
be particularly suitable for quantitative studies of the metabolism of the 
| phospholipids because it contains relatively smaller amounts of the other 
_ phosphorus fractions than the various other tissues; in addition, its phospha- 
3 tase content is low. 

The data of Table II demonstrate that the decrease of the phospholipids 
during the incubation is accompanied by an increase of the total acid- 
soluble P fraction. This increase is much higher than the decrease of the 
amount of lipid phosphorus, and thus originates at least in part from the 
breakdown of insoluble P fractions other than phosphatides. The amount 
of acid-insoluble P remaining after the incubation is so small that the possi- 
bility of the transformation of lipid P into acid-insoluble P compounds is 


TaBLe II 


Quantitative Distribution of Phosphorus Fractions in Non-Incubated and Incubated 
Rat Stomach 


The results represent mg. of P per 100 gm. of fresh tissues. The total P is 9%. 


i Or 
Treatment Lipidp Acid-soluble P| Protein P acid-solubi 
| | 
| | 
36.6 16.8 26.6 19.8 


excluded. Thus, it must be concluded that the phospholipids are trans- 
formed into acid-soluble P compounds during the incubation. 

q Some information regarding the nature of these acid-soluble breakdown 
| products of the phosphatides was obtained when the phosphorus compounds 
| of fresh and incubated tissues were fractionated further. It was found that 


Sees 


q in fresh tissues almost the total amount of alcohol-soluble phosphorus com- ™ 
- pounds was soluble in petroleum ether, but insoluble in aqueous trichloro- tat 
q acetic acid. Incubated tissues of the digestive system, however, contained sos 
t considerable amounts of alcohol-soluble phosphorus compounds which were by 


insoluble in petroleum ether, but soluble in aqueous trichloroacetic acid. 
The amounts of this fraction (designated Fraction X) in some fresh and 
incubated tissues are reported in the last two columns of Table I. 

The figures there reported were obtained by means of the following 
technique. The phospholipids were extracted with petroleum ether accord- 
ing to the method previously described. The petroleum ether extract was 

filtered and the extraction flask was thoroughly rinsed with petroleum 
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ether, which was then used for washing the filter. After several washings, 
| the filter was replaced in the extraction flask. The residue of the petroleum 
: ether extract together with the filter was extracted with a boiling mixture 
of 3 parts of alcohol and 1 part of ether. In the filtered extract the total P 
7 was determined. | 

It can be seen that the amounts of Fraction X increase in almost all tis- 
sues during the incubation. In those tissues, however, in which a high 
phospholipid-splitting activity was observed, much larger amounts of 
Fraction X were formed than in tissues in which the changes of the phos- 
phatide P during the incubation were relatively small. 

It appears unlikely that acid-soluble P compounds which cannot be ex- 
, tracted by alcohol from fresh tissues would become alcohol-soluble or 
would be hydrolyzed to alcohol-soluble phosphoric esters during the incu- 
bation. It is likewise improbable that the nucleic acids would be split into 
' alcohol-soluble phosphoric acid esters. There is a possibility that the 
phosphatides in the petroleum ether extracts of fresh tissues are accom- 
panied by other phosphorus compounds which are soluble in petroleum 
ether only in the presence of phosphatides; after the incubation, these 
substances would lose their solubility in petroleum ether because of 
. the disappearance of the phosphatides, but would still be soluble in 
: alcohol. Such an assumption, however, could only explain increases of 
the Fraction X amounting to much smaller values than those of the 
hydrolyzed phospholipids. In most of the experiments on stomach, small 
intestines, and pancreas,che increase of the Fraction X accounted for 
- approximately 50 per cent of the decrease of the phospholipids. Hence, it 
is probable that Fraction X consists mainly of phosphoric acid esters 
originating from the enzymatic breakdown of the phospholipids. Some 
properties of this fraction were studied in preliminary experiments with 
samples prepared from several batches of twenty-five rat stomachs. It 
was found that the extracts of Fraction X did not contain measurable 
amounts of inorganic phosphate. Fraction X in concentrated aqueous 
solution gave no precipitate with uranyl acetate, barium acetate, lead ace- 
tate (neutral or basic), mercuric acetate, or silver acetate. It was precipi- 
tated from concentrated alcoholic solution by cadmium chloride, but not 
by barium acetate or barium hydroxide. 

This behavior is different from that of the known components of the acid- 
soluble P fraction such as hexose phosphates or nucleotides and suggests 
that Fraction X represents a distinct group of organic P compounds. 

Isolation of Phosphorus-Containing Hydrolysis Product of Lecithin from 
Incubated Beef Pancreas—Beef pancreas was used as the material for isola- 
tion experiments. As shown in Table I, the characteristic increase of the 
aleohol-soluble, petroleum ether-insoluble P fraction during the incubation 
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of beef pancreas is very marked. Since the observations discussed in the 
preceding section made it appear probable that this fraction consisted 
mainly of breakdown products of phosphatides, we undertook its prepara- 
tive isolation and chemical identification. 

For obvious reasons, the isolation procedure followed in its first steps as 
closely as possible the technique adopted in the small scale experiments on 
rat stomach. This was particularly important for the extraction of the 
phosphorus compounds from the tissue. It will be remembered that the 
extraction with hot alcohol offered the simplest possibility of separating 
Fraction X from the bulk of the other acid-soluble phosphorus compounds, 
This effect, however, is achieved only if the extraction of the incubated 
tissue suspension is carried out with approximately 50 volumes of 95 per 
cent alcohol. It is obvious that the use of such an excess of hot alcohol is 
almost impracticable for isolation experiments on large amounts of tissue 
suspensions. On the other hand, the preliminary dehydration of the tissue 
by other organic solvents was not feasible because mixtures of these solvents 
with water extract considerable amounts of phosphorus compounds from 
the tissues. After various trials aimed at the adaptation of the wet lipid 
extraction for preparative purposes, we finally chose the following procedure 
for the preparation of Fraction X. 

5 pounds of minced beef pancreas were mixed with an equal volume of 
water and incubated at 37° for 4 hours. The mixture was then acidified to 
pH 4.7 by addition of acetic acid and quickly heated to 60° in a water bath. 
The suspension was filtered on a Biichner funnel while still hot. The fil- 
trate was left overnight in the refrigerator and separated from the solidified 
fats by filtration on a Biichner funnel. 

The clear yellow filtrate was brought to pH 6.5 and concentrated to ap- 
proximately 300 cc. under reduced pressure. It was then heated on a boiling 
water bath and poured into 1500 cc. of boiling absolute alcohol. After 
filtration on a Biichner funnel, the filtrate was again concentrated under 
reduced pressure to a much smaller volume than before (but not to a syrup) 
and precipitated with an excess of hot absolute alcohol. The concentra- 
tions and precipitations with alcohol were repeated until the liquid could 
be concentrated to a few cubic centimeters without giving a precipitate on 
addition of an excess of alcohol. It was found to be essential to continue the 
concentrations and precipitations to this point. Otherwise, the contamina- 
tions (chiefly breakdown products of proteins) left in the solution by an 
incomplete precipitation with alcohol could not be removed in the later 
stages of the preparation. The alcoholic solution contained approximately 
400 mg. of organic P, but was practically free of inorganic phosphate. 

The solution was concentrated to a syrup and the concentrate taken up 
in approximately 50 cc. of water. An aqueous, concentrated solution of 
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mercuric acetate was added until the precipitation was complete. After 
addition of 5 volumes of alcohol the precipitate was filtered over a thin layer 
of Hyflo filter aid on a Biichner funnel. The precipitate was washed with 
alcohol and the mercuric ions were removed from the clear filtrate by means 
of hydrogen sulfide. Approximately 80 per cent of the organic P pemeined 
in the filtrate from the mercuric acetate precipitation. 

The filtrate was concentrated under reduced pressure to a small volume. 
On addition of 10 volumes of acetone a precipitate formed which consisted 
partially of an oil, partially of flocculent material. The oily part of the 
precipitate contained the total amount of the phosphorus. Immediately 
after the addition of acetone, the suspension was transferred to a separatory 
funnel. The oil sedimented very soon and was separated as completely as 
possible from the supernatant and from the flocculent material which settled 
on top of the oily layer. 

When a small sample of the oil was refluxed with n hydrochloric acid for 
3 hours, it was found that no inorganic phosphate was formed, but that 
choline appeared in the hydrolysate in amounts equivalent to those of the 
total phosphorus. A glycerol determination on the oil according to the 
method of Blix (5) revealed the presence of an amount approximately 
equivalent to that of the phosphorus. As no fatty acids could be detected 
after acid or alkaline hydrolysis of the material, the presence of lecithin was 
excluded. 

The equivalence of phosphorus and bound choline (no free choline was 
found in the oil) suggested the assumption that the phosphorus was pres- 
ent in the form of a choline ester. This ester, however, could not be 
identical with phosphorylcholine, since the hydrolysis resulted in the 
liberation of choline without the formation of inorganic phosphate. The 
presence of an equivalent amount of glycerol made it probable that the 
compound had to be considered as a diester of phosphoric acid with choline 
and glycerol. The total amount of nitrogen in the acetone-insoluble oil 
was, however, much higher than that calculated from the results of the 
choline determinations. The material gave a strongly positive ninhydrin 
test and contained considerable amounts of leucines. 

For the further purification, the phosphorus-containing component was 
precipitated as a reineckate by the addition of excess of a cold saturated 
alcoholic solution of ammonium reineckate to a solution of the oil in 25 to 
50 cc. of alcohol. (In aqueous solution, no precipitate was obtained on 

addition of ammonium reineckate.) A granular, light pink, microcrystal- 
line precipitate formed instantaneously. It contained approximately 50 
per cent of the phosphorus present. The reineckate was filtered on a Biich- 
nerfunnel. Since it was rather soluble in alcohol, this solvent was not used 
for washing. The powdery precipitate was suspended instead in 500 cc. of 
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acetone and stirred vigorously for 5 minutes. During this treatment, the 
reineckate partly decomposed and the precipitate assumed a somewhat 
sticky consistency, but the phosphorus remained quantitatively in the 
precipitate. 

The Reinecke compound was suspended in approximately 150 ce. of 
water, filtered from a considerable insoluble residue (all the phosphorus wag 
now in the filtrate), and decomposed by adding a hot saturated solution of 
silver sulfate and some solid silver sulfate. After being mechanically 
shaken for 10 minutes, the suspension was filtered on a Bichner funnel, 
The colorless filtrate contained approximately 100 to 150 mg. of organic P, 
The N:P ratio in the clear colorless filtrate was at this stage approximately 
1.5:1. The solution was freed from silver and sulfate ions by hydrogen 
sulfide in the presence of freshly prepared barium carbonate. 

Since the ratio of choline to P in the solution was 1:1, it was certain that 
the preparation contained even at this stage other nitrogen-containing 
substances besides choline. The removal of these contaminations proved 
to be very difficult. After many unsuccessful attempts with various alka- 
loid reagents, we found that this task could be accomplished by the use of 
ion exchangers. 

After the removal of the hydrogen sulfide by aeration, the solution was 
shaken for 1 hour with 20 gm. of Amberlite IR-100 for the removal of 
nitrogenous contaminants and small amounts of barium. The filtrate from 
the Amberlite contained approximately 100 mg. of organic P and bound 
choline as practically the only nitrogen-containing substance. The N:P 
ratio was 1.03:1. The reaction of the filtrate was slightly alkaline. 

When the solution was evaporated under reduced pressure, the substance 
remained as an almost colorless oil. It could be obtained in an analyzable 
form as a cadmium chloride compound. The oil was dissolved in 50 ce. of 
hot alcohol. After cooling, a saturated alcoholic solution of cadmium 
chloride was added-until the precipitation was complete. The cadmium 
compound was filtered on a Biichner funnel, washed with an alcoholic solu- 
tion of cadmium chloride* and with ether, and dried. For the analyses it 
was dried at 76° in a vacuum dryer.® 


C 15.27, 15.18; H 3.42, 3.37; N 2.42; P 5.27; Cl 19.52; Cd 35.05 


From these figures the composition of the cadmium and chloride-free 
moiety of the compound could be calculated. 


2 A solution of the precipitant was used for the washing in order to avoid losses 
due to the considerable solubility of the cadmium chloride compound in alcohol. 

3 Dr. Carl Tiedcke, to whom we are indebted for the microdetermination of C and 
H, sent us the results with the comment that the cadmium compound was difficult to 
analyze and that a high degree of accuracy could not be expected with regard to€ 
and H determinations. 
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CsH2NPO;. Calculated. C 34.90, H 8.05, N 5.27, P 11.27 
Found. 33.51, 7.47, 5.33, ** 11.37 


Determinations— Determinations of glycerol according to the 
method of Blix (5) were carried out on all samples of the final product. The 
results obtained by this method were frequently checked by control 
determinations on known amounts of sodium glycerophosphate. These 
corresponded to yields ranging from 75 to 85 per cent of the theoretical 
values. This is probably due to the fact that hydriodic acid of the quality 
required according to the directions of Blix is not available at present. 
We found, however, that the results of duplicate analyses with the same 
batch of hydriodic acid agreed within 5 per cent, even if the amounts of 
glycerophosphate were varied over a wide range. We therefore adopted 
it as a routine to carry out a control determination on a known amount of 
sodium glycerophosphate simultaneously with each determination on the 
diester. The glycerol determination on the same sample of the diester 
which was used for the elementary analysis reported above gave the results 


TaBLe III 
Determination of Glycerol 
Ratio, P to 
P Gl ] Ratio, P to - 
Substance ycero glycerol 
mes. me. 
Sodium glycerophosphate ..... 0.118 0.280 0.802 1.00 


shown in Table III. The fourth column contains the values for the mo- 
lecular ratio between glycerol and phosphoric acid, as calculated from the 
experimental data. The corrected values of this ratio (last column) have 
been computed from the figures of the fourth column on the assumption 
that the true ratio for glycerophosphoric acid is 1:1. 

Products of Hydrolysis. Choline—5O cc. of the solution obtained after 
the treatment with Amberlite were refluxed for 3 hours with 5 ee. of 5 Nx 
hydrochloric acid, cooled, and neutralized against Congo red paper, and an 
excess of an acidified solution of ammonium reineckate was added. A pre- 
cipitate of glittering crystals appeared immediately. It was filtered after 
several hours standing in the refrigerator, washed with cold alcohol, and 
dried at room temperature in an evacuated desiccator. 


Found, 47.30 mg. choline reineckate corresponding to 13.60 mg. choline in 50 cc. 
solution 

Total P in 0.5 cc. solution, 0.335 mg. 

Molecular ratio, choline to P = 1.04:1 
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The aqueous solution of the substance gave no precipitate with Reinecke 
acid before hydrolysis. 

Glycerophosphoric Acid—400 mg. of the cadmium compound were dig. 
solved in water and decomposed by hydrogen sulfide. After removal of the 
hydrogen sulfide, the filtrate was refluxed for 3 hours with 0.1 volume of § 
nN hydrochloric acid. 

The hydrolysate was then treated according to the procedure described 
by Folch (6) for the isolation of glycerophosphoric acid from cephalin 
hydrolysates. 

65 per cent of the phosphorus contained in the cadmium compound could 
be recovered in the form of a barium salt with a phosphorus content of 9.52 


Sasss 


Percent Hydrolysis 


2 34 5 6 7 8 9 2 1 4 15 16 17 
Minutes 


Fic. 1. Hydrolysis of glycerylphosphorylcholine (concentration, 2.06 mm) bys 
hydrochloric acid at 97°. k (logw) = 9.6 X 10-*,9.9 1073, 9.2 1078; k (Logi) (x HO; 
100°) for phosphorylcholine = 1.3 & 10~* (6). 


per cent (calculated for C;H7OgPBa, 10.1 per cent). The barium salt was 
free of nitrogen. 
The glycerol determination was as follows: 


| Glycerol | P 
me. | me. | 
Barium glycerophosphate.......... 0.453 | 0.189 | 0.80 
Sodium oe (control). 0.583 | 0.236 | 0.83 


The rate of the hydrolytic formation of choline was very rapid in ¥ 
hydrochloric acid at 97° (Fig. 1). The hydrolysis under these conditions 
liberates approximately two-thirds of the total choline within 5 minutes 
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and is practically complete within 15 minutes. This behavior is in sharp 
contrast to the great stability of phosphorylcholine (7). On the other hand, 
it is known that the ester linkage of choline in lecithin is very labile towards 
acids. No inorganic phosphate appeared during the hydrolysis of the ester 
with n hydrochloric or sulfuric acid under conditions which resulted in the 
quantitative liberation of the choline group. 

Reaction of Diester with Sodium Periodate (8)—10 ec. of a diester solution 
containing 0.81 mg. of diester P were mixed with 5 cc. of water, 5 ce. of 0.1 
w acetate buffer of pH 5.3, and 5 cc. of a 0.0038 solution of sodium periodate. 
A control mixture in which the diester solution was replaced by water was 
treated in the same way. After 5, 15, 20, and 90 minutes the amount of 
periodate was determined in 5 cc. aliquots of both mixtures by titration 
with 0.004 N arsenious acid after addition of an excess of sodium bicarbon- 
ate. After 5 minutes 0.025 and after 90 minutes 0.0273 mm of periodate 
were consumed by the 0.0261 mm of diester, intermediate values being 
secured at the intervening times. 

This behavior permits the conclusion that in the diester the glycerol 
group is esterified in the @ position. 

Optical Rotation—A 2.57 per cent aqueous solution of the diester (calcu- 
lated from its content of P) gave a rotation of —0.25° in a 2 dm. tube. 


= —4.87° 


Action of Alkaline Phosphatase on a-Glycerylphosphorylcholine—0.5 cc. 
of a solution of a-glycerylphosphorylcholine (containing 3.0 mg. of total P) 
was mixed with 10 cc. of 0.1 N veronal buffer of pH 9.3 and brought to a 
temperature of 37°. After the addition of 0.1 cc. of a solution of intestinal 
phosphatase (9) (activity, 0.002 cc. of phosphatase solution formed 0.9 mg. 
of P from glycerophosphate within 15 minutes under standard conditions) 
the mixture was incubated at 37°. The results are shown in Table IV. 

The observations reported above suggest the following formula for the 


compound | 
OH 


CH,O0OH—CHOH—CH,— (CHa); 
O OH 


which is analogous to that of the glycerylphosphorylcolamine obtained by 
Feulgen and Bersin (10) from acetal phosphate, after treatment with 
mercuric chloride as catalyst. 

Yield—Approximately 1 gm. of otiensiiieeminiaeinl is usually 
obtained from 5 pounds of beef pancreas. This yield accounts for only 10 
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to 15 per cent of the amount calculated from the data of Table I. The 
precipitation with ammonium reineckate and the treatment with Amberlite 
are mainly responsible for the losses during the isolation. In addition, the 
alcohol extraction of the incubated pancreas on a large scale does not yield 
more than approximately half as much of the soluble phosphorus fraction 
as the extraction of small amounts of pancreas with Bloor’s mixture, 

It is therefore possible that the crude alcohol-soluble petroleum ether. 
insoluble fraction of incubated pancreas contains other substances besides 
a-glycerylphosphorylcholine. Furthermore, the fact that the isolated 
diester is the a isomer does not exclude the possible presence of the 8 isomer 
in pancreas lecithin or among its enzymatic hydrolysis products. 


Tasie LV 
Action of Phosphatase on a-Glyceryl phos phorylcholine 


Time of incubation Inorganic P formed 
min. me. per cent total P of substrate solution 
5 0.205 
10 0.350 11.6 
0.410 13.6 
DISCUSSION 


The presence of a-glycerylphosphorylcholine in incubated pancreas has a 
bearing on the interpretation of some earlier observations concerning the 
acid-soluble phosphorus compounds of this organ. 

In 1939, King and Small (11) obtained from pancreas a phosphorus frae- 
tion which they considered as sphingosylphosphorylcholine. This assump- 
tion was based on the phosphorus and nitrogen content of their material 
and on the detection of choline among the products obtained by acid hy- 
drolysis. They did not report any direct proof for the presence of sphingo- 
sine or the absence of glycerol in their material. 

On the basis of our observations, we doubt whether the product ana- 
lyzed by King and Small was a homogeneous substance. King and 
Small precipitated their material with ether from a protein-free pancreas 
filtrate after a series of barium, mercury, and lead salt precipitations. 
During all these procedures the material remained in the supernatants to 
gether with a large amount of contaminations. Kirg and Small found that 
the composition of the final ether precipitate remained constant after several 
reprecipitations with acetone. We had a similar experience, but convinced 
ourselves that the precipitates obtained in this way were always mixtures. 
It was impossible to remove the nitrogenous contaminations from the 
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orus compounds by reprecipitations with acetone. This could be 
accomplished only by the introduction of new steps of purification such as 
the precipitation of the phosphorus fraction by Reinecke acid and the 
adsorption of nitrogenous substances on Amberlite. 

These considerations render it very unlikely that the material analyzed 
by King and Small was sphingosylphosphoryleholine. The analytical 
figures reported by these authors can be explained by the assumption that it 
was a mixture of glycerylphosphorylcholine and perhaps other phosphorus 
compounds with a nitrogenous material. 

The connection of glycerylphosphorylcholine with the intermediary 
metabolism of lecithin is of considerable physiological interest. It appears 
possible that this substance is important for the breakdown as well as for 
the synthesis of lecithin. In contrast to lecithin, which is not hydrolyzed 
by phosphatases, glycerylphosphorylcholine is split by alkaline phosphatase 
into its three constituents. It is possible that glycerylphosphorylcholine 
represents a water-soluble precursor of choline and choline derivatives in 
the mammalian organism. 

The rate of this enzymatic hydrolysis is, however, very much slower than 
that of monoesters of phosphoric acid. For this reason, glycerylphos- 
phorylcholine may accumulate in considerable amounts, even in organs with 
a high phosphatase content such as the small intestines. This fact, in con- 
nection with the very low glycerylphosphoryleholine content of the major- 
ity of the fresh tissues, suggests that glycerylphosphorylcholine may play 
an important part in the biological synthesis and in the ‘‘turnover’’ of 
lecithin in the intact organism. 

Sinclair and Smith (12) discovered that ingested fatty acids are promptly 
incorporated into the phospholipids of the intestinal mucosa and the liver. 
The assumption that glycerylphosphorylcholine takes the part of a ‘‘fatty 
acid acceptor” in the biological synthesis of lecithin would furnish a simple 
explanation for the mechanism of the incorporation of fatty acids into the 
lecithin fraction of the digestive organs. 


SUMMARY 


1. The isolation of a-glycerylphosphorylcholine from incubated beef 
pancreas has been described. Some of its physical and chemical properties 
have been investigated. It has been demonstrated that the isolated sub- 
stance represents the @ isomer. ‘The choline ester linkage of a-glyceryl- 


‘The observation that the aleohol-soluble, petroleum ether-insoluble P fraction 
increases during the incubation not only in pancreas but also in some other organs. 
especially in intestinal mucosa, suggests the assumption that the formation of glyc- 
erylphosphory!lcholine is not limited to the pancreas, but is of a more general impor- 
tance for the metabolism of lecithin. It should be emphasized, however, that the 
isolation of glycery|phosphorylcholine has so far been carried out only on pancreas. 
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phosphorylcholine is very easily split by dilute acids. In this respect th 
behavior of glycerylphosphorylcholine differs sharply from phosphory} 
choline, but resembles that of lecithin. a-Glycerylphosphorylcholine 5 
slowly hydrolyzed by alkaline phosphatase. 

2. It has been shown that a-glycerylphosphorylcholine originates fron 
the enzymatic hydrolysis of lecithin. It is the only intermediary breakdow 
product of lecithin which has up to now been found in mammalian tissues, 

3. Duodenal juice is without action on lecithin or cephalin, while intesti. 
nal mucosa is capable of hydrolyzing phospholipids at a rapid rate. The 
formation of a-glycerylphosphorylcholine from lecithin is caused by th 
action of specific ‘‘lecitholipases’”’ which are not identical with pancreg 
lipase. 
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THE STRUCTURAL SPECIFICITY OF SULFANILAMIDE-LIKE 
COMPOUNDS AS INHIBITORS OF THE IN VITRO CONVER- 
SION OF INORGANIC IODIDE TO THYROXINE 
AND DITODOTYROSINE BY THYROID TISSUE* 


By ALVIN TAUROG, I. L. CHAIKOFF, anno A. L. FRANKLIN 
(From the Division of Physiology, University of California Medical School, Berkeley) 


(Received for publication, August 17, 1945) 


By means of radioactive iodine it was demonstrated in this laboratory 
that surviving slices of thyroid tissue can incorporate inorganic iodide 
into diiodotyrosine and thyroxine (1). When 300 mg. of thyroid slices 
were incubated for 2 hours in a Ringer’s medium containing radioactive 
inorganic iodide, as much as 60 per cent of the labeled iodine was organically 
bound, about 50 per cent as diiodotyrosine and about 10 per cent as thy- 
roxine. This in vitro reaction has provided a new and useful approach 
to the study of the biosynthesis of thyroxine. Thus, it was used to 
determine the mechanism by which the prolonged administration of the 
sulfonamides produces an enlargement of the thyroid gland, a hypertrophy 
that is characterized by hyperplasia and a loss of colloid. It was shown 
that at concentrations of 10-* m sulfanilamide, sulfapyridine, sulfathiazole, 
and sulfaguanidine depressed the synthesis of radiodiiodotyrosine and 
radiothyroxine (2). These compounds therefore act directly on the con- 
version of inorganic iodide to diiodotyrosine and thyroxine by thyroid 
tissue. p-Aminobenzoic acid and p-aminophenylacetic acid, because of 
their structural similarity to the sulfonamides, were also tested and found 
to be inhibitors (3). 

In view of the importance of these findings to an understanding of the 
mechanism of biosynthesis of thyroxine, it became of interest to determine 
the structural part of the above molecules essential for their inhibitory 
action. Hence in the present investigation forty compounds structurally 
related to either sulfanilamide of p-aminobenzoic acid have been tested 
for their effects on in vitro formation of thyroxine and diiodotyrosine. 


EXPERIMENTAL 


The procedures employed here have been described in earlier reports 
(I-3). Solutions of all compounds were prepared of such strength that 
by the addition of 0.1 cc. of these solutions to a 3.0 ce. volume of the bi- 
carbonate-Ringer’s solution a concentration of 10~* Mm was obtained. With 


* Aided by grants from the Commonwealth Fund and the Committee for Research 
in Endocrinology of the National Research Council. 
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the exception of tyrosine, all compounds were tested at a concentratig 
of 10-*m. In the case of slightly soluble compounds it was found n 

to heat their solutions in order to obtain the desired concentrations, ang 
in such cases 0.1 cc. of the hot solution was added to the radioactive Ring. 
er’s solution. The solutions of the compounds tested were adjusted ty 
pH 7.0 to 7.5 before their addition to the buffered Ringer’s medium, 


Results 


Aminobenzenesulfonic Acids and Amides and Compounds in Whid 
Their Free Amino Group Has Been Replaced or Modified—The extent to 
which p-, m-, and o-aminobenzenesulfonic acids and amides inhibited 
the conversion of radioactive inorganic iodide to thyroxine and diiods. 
tyrosine by thyroid slices is shown in Table I. The para and meta isomer 
of the acid and amide were found to be quite active as inhibitors, the or. 
tho compounds much less so. 

No inhibitory effects were observed for either benzenesulfonamid 
or benzenesulfonic acid, compounds that contain no free aromatic amino 
groups. 

Blocking of the primary amino group in sulfanilamide by an acetyl 
radical (N*-acetylsulfanilamide) resulted in considerable loss of activity, 
Replacement of the free amino group by a hydroxyl radical (p-hydroxy- 
benzenesulfonamide) led also to a decrease in activity. 

Aminobenzotc Acids and Amides and Compounds in Which Thetr Fre 
Amino Group Has Been Replaced or Modified—The ortho, meta, and pam 
isomers of aminobenzoic acid were found to be about equally active (Table 
I). Only a single amide was tested, namely p-aminobenzamide; it in- 
hibited thyroxine and diiodotyrosine to the same degree as the above acids, 

The removal of the amino group (benzoic acid) led to practically complete 
loss of inhibitory action. 

The introduction of a hydroxyl group in the position para to that of the 
earboxyl radical in the benzoic acid molecule (p-hydroxybenzoic acid) 
conferred inhibitory activity, but the inhibition observed with this com- 
pound was less than that of the corresponding amino compound. 

Blocking of the free amino groups of aminobenzoic acids by introduction 
of an acetyl radical resulted in considerable loss of activity. Acetyl 
p-aminobenzoic acid showed practically no inhibition in the formation 
of thyroxine. Acetyl-o-aminobenzoic acid (N-acetylanthranilic acid) 
was found to be only weakly inhibitory. 

Compounds Related to Aniline and Phenol—Aniline strongly inhibited 
the incorporation of inorganic iodide to diiodotvrosine and thyroxine. 
Little or no decrease in inhibitory activity was produced by substituting 
in the para position one of the following: a methyl group (p-toluidine), 
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an acetic acid side chain (p-aminophenylacetie acid), a hydroxyl group 
(paminophenol), or another amino group (p-phenylenediamine). The 
introduction of a nitro group (p-nitroaniline), however, did depress in- 
hibitory activity considerably. 


Taste I 
Effect of Compounds Related to Sulfanilamide and p-Aminobenzoic Acid on Formation 
of Thyroxine and Diiodotyrosine 


All compounds were tested at a concentration of 10°' mM except /-tyrosine for 
which the concentration was 5 M. 


Per cent inhibition Per cent inhibition 
— | forma- | ine for orma- 
mation tion mation tion 
Sulfanilic acid 33 43 p-Toluidine 
Sulfanilamide | 47 58 N-Acet yl-p-toluidine | $ | 8 
Metanilic acid 37 36° |N.N-Dimethyl-p-tolui- | 83 82 
Metanilamide M 85 dine | 
Orthanilic acid \p-Nitroaniline | 20 0 
Orthanilamide 10 2 ‘p-Aminophenylacetic acid 65 63 
Acetylsulfanilamide 1S 10 p-Phenylenediamine 
Benzenesulfonamide 0 |p-Aminophenol 77 
p-Hydroxybenzene- 16 N-Acetyl-p-aminophenol S7 | 
sulfonamide p-Nitrophenol | & | & 
Benzenesulfonic acid 0 0 (Hydroquinone 
Toluenesulfonic 6 19 mono- «80 | 
p-Aminobenzoic “* 73 7$ methyl ether | | 
m-Aminobenzoic pi’ 73. |Hydroquinone dimethyl | 27 9 
o-Aminobenzoic * | 6 63 ether | 
(anthranilic acid) | p-Hydroxyphenylglycine 80 | 75 


p-Aminobenzamide Si Ethyl p-aminobenzoate 82 87 
Benzoic acid 6 (benzocaine) | 
p-Hydroxybenzoic acid | 53 53 8-Diethylaminoethyl p- 79 «88 
N-Acetyl-p-aminobenzoic 9g aminobenzoate hydro- | | 

acid | chloride (procaine | | 
N-Acetyl-o-aminobenzoic 20 24 hydrochloride ) 

acid (N-acetylanthra- | l-Tyrosine 0 

nilie acid ) | Taurine | 0 0 
Aniline 75 | $1 |dl-Phenylalanine 0 
Acetanilide | | Sulfamiec acid 0 


As noted above, inhibition to the extent of 80 per cent was found in 
the case of p-aminophenol. Little or no effect on the inhibitory activity 
was produced when the amino group was replaced by either a nitro group 
(p-nitrophenol), a methoxy group (hydroquinone monomethy] ether), 
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a glycine side chain (p-hydroxyphenylglycine), or another hydroxy grou 
(hydroquinone). 

It was shown above that acetylation of the amino group of sulfanilamide 
and of p-aminobenzoic acid greatly reduced their inhibitory activities 
This effect of acetylation is further borne out by comparing the inhibitory 
activities of p-aminophenol and acetyl-p-aminophenol. An __inteng 
inhibition (about 80 per cent) of diiodotvrosine and thyroxine formation 
by thyroid slices was observed in the presence of p-aminophenol and about 
50 per cent in the presence of the same concentration of acetyl-p-amino. 
phenol. 

In contrast to the above findings it is of interest to note that acetylation 
of the amino group of aniline or of p-toluidine resulted in no depression 
of activity. Acetanilide and acetyl-p-toluidine inhibited diiodotyrosine 
and thyroxine formation to the extent of about 80 per cent. 

Modification of the amino group of p-toluidine by the introduction ¢ 
two methyl groups (dimethyl-p-toluidine) also failed to interfere with 
its inhibitory activity. 

The results obtained with hydroquinone and its monomethyl ether 
on the one hand and hydroquinone dimethyl ether on the other hand 
provide a striking contrast in activity. Substitution of one of the hydroxyl 
groups of the hydroquinone molecule by a methoxy group led to no los 
in inhibitory activity. When, however, both hydroxyl groups wer 
replaced by methoxy groups, the resulting compound had but little i- 
hibitory action. 

Esters of p-Aminobenzoic Acid—These compounds are of interest becaus 
they are derivatives of p-aminobenzoic acid in which the carboxy] group 
has been esterified but the primary amino group has not been changed. 
The results show that modification of the carboxyl group does not affect 
inhibitory activity. Thus ethyl p-aminobenzoate (benzocaine) and 
8-diethylaminoethyl p-aminobenzoate hydrochloride (procaine _hydre- 
chloride) were found to be highly inhibitory. 

The presence of 5 X 10~* m l-tyrosine or of 10-* m dl-phenylalanine 
in the medium had little or no effect on the formation of radiodiiodotyrosine 
or radiothyroxine. When tested at a concentration of 10~* m, the aliphatic 
aminosulfonic acid, taurine, and the amide of sulfuric acid, sulfame 
acid, also failed to show inhibitory action. 


DISCUSSION 


In 1943 Astwood tested 106 compounds for their goitrogenic activity 
(4). They were administered either with the food or with drinking water 
for 10 days, and the resulting degree of enlargement of the thyroid gland 
and proliferation of its acinar cells was used as a measure of inhibition 
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of thyroid function. It is interesting to compare the results obtained 
by this approach to thyroid activity with those provided by a procedure 
in which thyroid activity was determined by the rate at which surviving 
thyroid slices converted inorganic iodide to diiodotyrosine and thyroxine. 
Those compounds tested here which previously were judged by Astwood 
to be goitrogenic also inhibited the in vitro incorporation of inorganic 
iodide into diiodotyrosine and thyroxine. But many compounds that 
failed to produce gross or histological changes in the thyroid gland when fed 
to the intact rat proved to be very active inhilntors of the in vitro formation of 
thyroxine and diiodotyrosine. These included p-aminophenol, aniline, 
p-phenylenediamine, ethyl p-aminobenzoate, sulfanilic acid, and procaine. 
That these compounds, when ingested by the intact animal, are modified 
or changed before reaching the thyroid gland would appear to offer a 
satisfactory explanation for the discrepancy in the results obtained by the 
two methods. 

Astwood postulated that compounds related to aniline are goitrogenic 
because of their structural similarity to tyrosine, and he suggested that 
aniline derivatives compete with diiodotyrosine for the enzyme systems 
responsible for its conversion to thyroxine (4). No support for this view 
is offered by the results of the present investigation. These compounds 
inhibited the synthesis of diiodotyrosine as well as that of thyroxine. 
If competition for the enzyme system that converts diiodotyrosine to 
thyroxine were the only mechanism involved, the observed degree of in- 
hibition of the conversion of inorganic iodide to diiodotyrosine would 
not have occurred. 

An examination of the results obtained here on the effects of closely 
related groups of aromatic compounds on the formation of thyroxine and 
diiodotyrosine permits of the following general cdnclusions concerning 
the requirements for inhibitory activity: 

1. A free aromatic amino or free aromatic hydroxyl group favors in- 
hibitory activity. Blocking of the amino group by acetylation reduces 
inhibitory properties in many instances. The presence of such radicals 
as the sulfonamide or the carboxyl confers no inhibitory properties. 

2. The various isomers of aminobenzene sulfonic acid and of amino- 
benzenesulfonamide do not exhibit equal activities. The ortho isomers 
were least effective as inhibitors. 

As a result of their investigations of the retardation of rancidity of 
fats by thiourea and other sulfhydryl compounds, Gyérgy et al. (5) postu- 
lated that antioxygenic activity might explain the goitrogenic action of 
the sulfonamides and of p-aminobenzoic acid, as well as of thiourea and 
its derivatives. No experimental evidence, however, was offered in support 
of this view. This hypothesis is of interest here, for there appears to be 
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a correlation between the ease of oxidizability of compounds tested here 
and their capacity to stop the 7m vitro incorporation of inorganic iodide 
into diiodotyrosine and thyroxine. This is suggested by the following 
observations. (1) Many of the very active inhibitors contain either q 
free aromatic amino or hydroxyl group, structures that are conducive 
to oxidation. (2) Stabilization of the amino compounds either by acetyl- 
ation or by elimination of the amino group reduces their inhibitory prop- 
erties. (3) Hydroquinone and its monomethy] ether, both of which 
contain free phenolic groups and hence are easily oxidizable, are very 
active inhibitors. Hydroquinone dimethyl] ether (in which both hydroxy 
groups are blocked, so that it is resistant to oxidation) had but little effect 
on the rate at which inorganic iodide is converted to thyroxine and diiodo- 
tyrosine. 

The above considerations suggest that compounds shown to be inhibitory 
in the present study act by interfering with some oxidative step essential 
in the incorporation of inorganic iodide into diiodotyrosine and thyroxine. 
Since inorganic iodide must first be oxidized before it is organically bound 
(6, 7), it is possible that this is the oxidative step interfered with. If 
the incorporation of inorganic iodide into diiodotyrosine is a preliminary 
step in the formation of thyroxine, an interference in the oxidation of 
inorganic iodide would provide a satisfactory explanation for the interesting 
finding that all inhibitors interfered to about the same extent with both 
diiodotyrosine and thyroxine formation by thyroid slices. 

The results obtained with several compounds do not support the view 
that inhibitory properties of a compound depend entirely on ease of oxidiz- 
ability. Among these are acetanilide and acetyl-p-toluidine, both of 
which are quite resistant to oxidation. The inhibitory activities of these 
two compounds, however, might find an explanation in an enzymatic 
release of their amino groups by thyroid tissue. 

These discrepancies, however, need not invalidate the general thesis 
expressed above. Differences in the rate of penetration of compounds 
into tissue slices may account for some of the discrepancies. Moreover, 
until such time as the reactions involved in the conversion of inorganic 
iodide to thyroxine are understood, there is need to guard against the 
assumption that all inhibitory compounds interfere with the same or even 


a single reaction. 


SUMMARY 


1. Forty compounds structurally related to the sulfonamides and amino- 
benzoic acid were tested for their effects on the in vitro conversion of 
radioactive inorganic iodide, I'*', to thyroxine and diiodotyrosine by sur- 
viving thyroid slices. 
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2. A free aromatic amino or hydroxyl group favored inhibitory activity. a 
Blocking of the amino group by acetylation reduced inhibitory properties. 


The presence of such groups as the sulfonamide, the sulfonic acid, or the = 
carboxy! was found to be unrelated to activity. 

3. There appears to be a definite correlation between ease of oxidizabilitv 
and inhibitory activity among the compounds tested. 
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THE REGENERATION OF LIVER PROTEIN IN THE RAT* 


By HELEN C. HARRISON anv C. N. H. LONG 
(From the Department of Physiological Chemistry, Yale University, New Haven) 


(Received for publication, September 26, 1945) 


The liver weight in the rat rapidly decreases during short periods of fast- 
ing or feeding diets low in protein. Part of this loss in weight is due to the 
disappearance of liver protein, and the rate at which liver protein is lost 
is much greater than that of any other tissue thus far studied (1,2). Early 
theories that the protein lost was a special storage or deposit protein have 
not been confirmed (3), and recent results indicate that the protein repre- 
sents actual liver cytoplasm (4). The rapidity with which liver protein 
disappears during fasting and is restored with protein feeding (5) suggested 
that the rate of regeneration of this tissue protein might be used as a basis 
for the assay of the nutritional adequacy of proteins. Kosterlitz (4) found 
that the liver nitrogen in the rat, expressed in terms of body weight, was a 
function of the amount of protein fed as well as the type of protein. He 
offered the suggestion that, ‘“The changes in cytoplasmic substance may 
also be determined, with a high degree of approximation, by estimating the 
non-glycogen non-lipin solids. This method may lend itself to a rapid 
assessment of the biological values of proteins.”’ 

In the present studies the effect of feeding various proteins on the re- 
generation of liver protein of the rat after fasting was determined. Pro- 
teins, the nutritional value of which had been tested by classical methods 
of assay, were chosen for these experiments. 

Male rats of the Sprague-Dawley strain were used in these studies. 
They were kept on a stock synthetic diet for at least 1 week before the ex- 
perimental period, and rats which had attained a body weight of 250 to 
280 gm. were chosen. The composition of the diet is as follows: casein 20, 
corn-starch 42, Crisco 24, cod liver oil 2, yeast 8, and Osborne and Mendel 
salt mixture! 4 per cent, respectively. The rats were fasted 48 hours and 
then fed synthetic diets containing the protein to be. tested. All of the 
experimental diets were isocaloric with the stock diet. In the instances 
in which fewer calories were furnished by protein, the carbohydrate was in- 
creased proportionately. 12 gm. of diet were given on the Ist day of re- 
feeding and 10 gm. on the subsequent 3 days. These amounts were found 
to be approximately the quantities which rats fed diets containing poor 
proteins would consume. The only variable among the diets was the type 


*This work was assisted by a grant from the Shaffer Fund, Yale University 
School of Medicine. 


1 Osborne, T. B., and Mendel, L. B., J. Biol. Chem., 37, 572 (1919). 
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of protein used. Yeast protein, amounting to 3.9 per cent, was present 
in all of the diets. 

At the end of the refeeding period, the animals were anesthetized with 
nembutal and exsanguinated from the abdominal aorta, in an attempt to 
obtain the livers with a minimum and relatively uniform residual amount 
of blood. The whole liver was removed, weighed in a drying dish, and 
dried to constant weight at 95°. The dried liver was then ground to a fine 
powder and aliquots taken for total nitrogen and total fat. Nitrogen was 
determined by the micro-lXjeldahl method. ‘Total lipids were determined 
in the following manner. The dried powder was extracted for 1 hour witha 
3:1 aleohol-ether mixture, filtered, the solvent evaporated off, and the 


TABLE I 
Rate of Regeneration of Liver Protein Following 48 Hour Fast 


~—_ 


No.of | Bodyweight 
Group | | Liver nitrogen over fasting 
gm. | me. per 100 gm. me. per 100 om. 
Controls | 13 | | 990 &3.4° | 
Fasted 48 hrs. $241.6 
Refed 20°) casein diet 
1 day 5 +12 | 06 + 3.7 +14 
2 days 5 +12 98 + 2.0 +16 
Ber 5 +16 105 +0.9 | +23 
7 +24 | 105241.8 +23 
Refed 20°, gelatin diet 
1 day 3 +12 89 + 3.5 +7 
2 days 3 +5 9221.5 +10 
3 +5 SO + 1.5 —2 
4.2% 4 —2 85 + 3.5 +3 


* Mean + standard error of the mean. 


residue reextracted with petroleum ether. The petroleum ether extract 
was filtered through a fat-free thimble, the petroleum ether removed by 
heating in a stream of air, and the petroleum ether-soluble material weighed. 
A preliminary group of experiments was carried out to determine the 
optimal length of time for refeeding after the 48 hour fasting period. For 
this purpose both a protein known to be adequate in its amino acid com- 
position, casein, and a grossly inadequate one, gelatin, were tried. The 
animals were fasted 48 hours and sacrificed 1, 2, 3, and 4 days after refeed- 
ing was begun. The results of these experiments are shown in Table lL 
Under the particular experimental conditions used in these studies, the 
joss in liver nitrogen after a 48 hour fast was approximately 32 per cent d 
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the original nitrogen content, confirming previous observations on the 
rapidity and extent of loss of liver protein. The control group consists ot 
rats which had been on the stock synthetic diet for at least 1 week and sacri- 
ficed without any period of fast. All values are expressed in terms of mg. 
per 100 gm. of body weight. The reference weight used in the calculation 
for the fasted and refed animals is the body weight immediately before the 
fast. 

The loss of body weight during the 48 hour fast was extremely constant 
in all groups of rats and was approximately 24 gm. After 4 days of feeding 
of the casein diet, the rats had regained their initial body weight, whereas 
the animals on the gelatin diet had begun to lose more weight. In the 
casein group, at the particular intake of nitrogen and calories chosen, the 
liver nitrogen had reached a plateau after 3 to 4 days of refeeding. After 
a similar period of feeding of the gelatin diet, the liver nitrogen value was 
approximately the same as in the fasted animals. 4 days of refeeding after 
the fast seemed to be an adequate period of time to reveal the difference 
between an adequate and a grossly inadequate protein in the effect on the 
rate of regeneration of liver protein. In succeeding experiments, therefore, 
various proteins were incorporated into the basic diet and fed for a standard 
period of 4 days following the 48 hour fast. 

The effect of feeding diets containing various proteins on the regeneration 
of liver protein is shown in Table Il. The nutritive value of the proteins 
tested has been studied by other methods by many investigators. Several 
of these proteins were fed at different levels in the diet. The amount of 
protein fed is given (Table I1) as the total amount of protein per 100 gm. of 
body weight ingested by the animals during the entire refeeding period of 4 
days. Casein and lactalbumin are seen to be identical with respect to their 
ability to promote liver protein regeneration. The feeding of diets con- 
taining 10 per cent of these proteins, supplying 1.5 gm. of protein per 100 
gm. of body weight for the refeeding period, did not produce any signifi- 
cant increase in the liver protein above the amount found in the fasted rats. 
When the protein intake was doubled, the animals regained the body weight 
lost during the fast, and there was a considerable increase in liver nitrogen, 
but the values found were still below those of the controls. Only when 
diets containing 40 per cent of these proteins were fed for the 4 day period, 
supplying a total of 6.3 to 6.4 gm. of protein per 100 gm. of body weight, 
did the liver nitrogen increase to the prefasting levels. Body weight gain 
in this group was no greater than that in animals fed the 20 per cent 
protein diet. | 

In striking contrast to the results obtained with these adequate proteins 
are the findings in the rats fed gelatin. At all levels of protein intake there 
was practically no regeneration of liver protein. In the group fed the gela- 
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tin diet at the 40 per cent level, the total amount of 42 gm. of diet was not 
taken by some of the animals. The total protein and caloric intake was, 
therefore, somewhat lower in this group than in the comparable groups fed 
the casein and lactalbumin diets. The animals fed the gelatin diets did not 
regain any of the weight lost during the fasting period. 

When diets containing 40 per cent of the vegetable proteins, zein and 
gliadin, were fed, the quantity of liver nitrogen at the end of the 4 day 
refeeding period was significantly less than that found when comparable 


II 
Influence of Amount and Type of Protein Fed on Liver Protein 


| 
| No.of | Bodyweight) 
Group | om | Liver nitrogen on er a sting 
i 
| gm. | mg. per 100 gm. | mg. per 100 gm. 
Controls 13 | 120 + 2.4* | 
Fasted 9 | 82 + 1.6 
Casein diets | | 
1.5 gm. per period 9 +8 | $42+1.6 +2 
* 7 +24 | 1521.8 +23 
6 +21  120424.0 +38 
Lactalbumin diets | | 
1.5 gm. per period 5 +10 | 85 + 3.8 +3 
4 +233 | 102241.2 | +20 
6 +24 12321.9 +41 
Gelatin diets | 
1.6 gm. per period 4 +4 | 021.6 | —3 
3.4 sé sé sé 4 | 85 + 22 | +] 
se 6 +2 | 8741.5 | +5 
Zein diet, 6.4 gm. per period 7 | +3 | 1022.8 | +18 
Gliadin diet, 6.4 gm. per period +27 
Whole egg protein diet, 3.3 gm. | | | 
per period 6 | +19 | 108421.5 | +21 
Liver diet, 3.3 gm. per period 6 | +17 | 99 +1.3 +17 


* Mean + standard error of the mean. 


amounts of casein or lactalbumin were given. Appreciable regeneration of 
liver protein occurred, in contrast to the lack of restoration of liver proteim 
in the animals fed the gelatin diet at the same level of protein intake. The 
gain in body weight was less than that in the groups on the casein and lactal- 
bumin diets. The quantity of liver nitrogen in the rats fed gliadin was 
slightly, but significantly, higher than in the group fed zein (p = 0.02)? 
The gain in body weight was also significantly greater in the gliadin-fed 
rats than in the zein group (p < 0.01).* 


2 Determined from Fisher’s table of ¢ for smal! samples (6). 
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In an attempt to determine whether rat liver protein would be more 
efficient in producing liver protein regeneration than casein or lactalbumin, 
dried rat livers from the various groups of animals were pooled and ex- 
tracted with ether in a Soxhlet extractor. The fat-free residue was ana- 
lyzed for nitrogen, and a diet was prepared containing 20 per cent of liver 
protein (N X 6.25). The amount of liver nitrogen found in rats fed this 
diet was approximately the same as that found in the casein and lactal- 
bumin groups fed the same amount of protein. 

A diet containing 20 per cent of whole egg protein was made from dried 
whole egg powder. ‘The fat content of the egg powder was determined and 


IIl 
Effect of Feeding Low Protein Diets on Liver Protein 


Group Rat No. _ Food intake | oe Liver nitrogen 


em. gm. meg. per 100 gm. 


| 
Controls | 120 + 2.4 
Fasted | 
Basal low protein diet ' 30 


3.5°) whole egg protein diet 9 119 | +20 


102 93 +3 
103 116 +24 
egg white protein diet 110 +13 
104 +31 
3.5% lactalbumin diet 150 
151 50 —12 81 
152 86 +12 81 


the amount of Crisco added was adjusted so that the total calories furnished 
by fat were the same as in the other diets. The increase in liver nitrogen 
in rats fed whole egg protein was the same as in the animals given casein 
or lactalbumin at a similar level. 

Further experiments were carried out to determine the effect of very low 
protein intake on liver protein. In these studies there was no period of 
fast; the animals were taken off the stock synthetic diet, offered the experi- 
mental diet ad libitum for 1 week, and then sacrificed. The results of these 
studies are shown in Table III. Values for individual rats are given, since 
the food intake varied widely. The liver nitrogen is expressed as mg. per 
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100 gm. of the body weight at the end of the experimental period. The 
food intake represents the amount of diet consumed during the entire week. 
The basal low protein diet was one in which the sole source of protein wag 
8 per cent yeast powder, which on analysis was found to furnish 3.9 per 
cent yeast protein. The composition was as follows: corn-starch 62, 
Crisco 24, cod liver oil 2, yeast powder 8, and Osborne and Mendel salt 
mixture 4 per cent, respectively. Diets were made which contained 3.5 
per cent whole egg protein, 3.5 per cent egg white protein, or 3.5 per cent 
lactalbumin substituted for an equivalent weight of corn-starch. These 
latter diets, therefore, contained 3.5 per cent of the indicated protein plus 
the 3.9 per cent yeas‘ protein, and were isocaloric with the basal diet. 

It may be seen that the liver nitrogen of rats fed for 1 week a diet con- 
taining as its sole source of protein 3.9 per cent yeast protein was decreased 
to values as low as those found in rats which had been fasted 48 hours. 
The amount.of body weight lost is related to the food consumption. When 
a diet containing 3.5 per cent whole egg protein, in addition to the 3.9 per 
cent yeast protein, w: s fed for 1 week, there also occurred a marked loss 
in liver nitrogen. Th‘s loss in liver protein took place at a time when the 
animals were gaining weight. Similar results were obtained when egg 
white protein was fed at the same level. There was a marked loss of liver 
protein despite a substantial body weight increase. In the three rats fed the 
3.5 per cent lactalbumin diet the food consumption was considerably lower 
than in the egg protein groups. The amount of liver nitrogen was de- 
creased to the fasting level even in the one animal in which the food con- 
sumed was sufficient to permit gain in body weight. 

Croft and Peters recently reported that the addition of 2 per cent methio- 
nine to a low protein diet greatly reduced the nitrogen loss of rats which 
had been subjected to thermal burns (7). It was, therefore, of interest 
to test the effect of methionine in similar quantities on the regeneration 
of liver protein, with the method of assay described. The amount of liver 
protein in rats fed a 10 per cent casein diet for 4 days following a 48 hour 
fast was no greater than that found in rats sacrificed immediately after the 
period of fasting. When a diet containing approximately the same nitro 
gen content as the 10 per cent casein diet, but with 2 per cent of the casein 
replaced by 2 per cent dl-methionine, was fed, a significant increase in liver 
protein above the fasting level was noted (Table IV). A control group 
of animals was fed a diet cuntaining the non-essential amino acid, alanine, 
at a 1.2 per cent level (furnishing the same amount of a-amino nitrogen % 
2 per cent methionine). It is clear that mere substitution of an a-amino 
acid for a corresponding amount of protein in this low protein diet does no 
result in an increase in the amount of liver protein. That the effect d 
methionine in increasing liver protein regeneration is not due to its réle 
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furnishing methyl groups may be seen from the results obtained when a 
diet containing 10 per cent casein and 0.5 per cent choline chloride (the 
latter offering the same concentration of methyl groups as 2 per cent 
methionine) was fed. The amount of liver protein found in these rats was 
the same as in the group fed the 10 per cent casein diet. Moreover, the 
addition of 2 per cent of /-cystine to the low casein diet resulted, as with 
methionine, in a significant increase in liver protein above that found in the 
10 per cent casein group. Homocystine was prepared by Dr. J. Fishman, 
of this laboratory, according to the method of Butz and du Vigneaud (8), 
and 2 per cent of this amino acid was incorporated into the 8 per cent 
casein diet. Only three of the six rats fed this diet consumed the total 
amount of food offered, and the data on these animals are given. There 


TaBLe IV 
Influence of Sulfur-Containing Amino Acids upon Liver Protein 
| Body weight | 
Group ee | ym | Liver nitrogen | Liver fat 
refeeding 

| gm. me. per 100 gm. gm. per 100 gm. 
10% casein diet Ta ok a 84 + 1.6* 0.140 + 0.008 
88% + 1.2% dl-alanine 83 + 2.3 0.144 + 0.003 
8% ‘« + 2°. dl-methionine 5 +12 100 + 1.5 | 0.179 + 0.018 
8% «+ 2% l-cystine s +15 95 + 2.6 | 0.235 + 0.010 
8% ‘* ++ 26 homocystine | 3 +12 | 90 0.259 
10% =+0.5° choline chloride 6 +13 =842+1.5 | 0.142 + 0.007 
0% * | 7 +24 105+ 1.8 | 0.191 + 0.008 
8% ‘* + 2° dl-methionine 5 +20 | 103 + 3.1 | 0.178 + 0.012 


* Mean + standard error of the mean. 


appears to be some effect of this sulfur-containing amino acid on liver pro- 
tein regeneration, but this series needs to be extended. It is interesting 
to note that the quantity of liver fat was increased in the rats fed the cystine 
and the homocystine diets. An increase in liver fat in rats, produced by 
the addition of cystine to low protein, high fat diets, has been described by 
Beeston and Channon (9) and Tucker and Eckstein (10). The sulfur- 
containing amino acids are not the only limiting factor in liver protein 
regeneration, as is shown by the results obtained when 2 per cent di- 
methionine was substituted for 2 per cent casein in the 20 per cent casein 
diet. The increase in liver protein during the 4 day period of feeding was 
no greater than that found when the 20 per cent casein diet, without added 
methionine, was fed. 

In the present studies the marked loss in liver weight associated with 
loss in liver protein during a 48 hour fast was noted, but it is evident that 
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the weight of the liver was only roughly related to the liver protein, ex- 
pressed in terms of body weight. The major liver components were, 
therefore, determined: water, fat, protein, and glycogen which was esti- 
mated by difference. In the fasted rat in which the glycogen content was 
assumed to be essentially zero, the sum of the water, protein, and fat ac- 
counted for 97.5 per cent of the total liver weight. The sum of the salts 
and undetermined organic substances other than glycogen was, therefore, 


2.25 


WATER GMS. 


Y= 0.96 
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PROTEIN + GLYCOGEN GMS. 


Fic. 1. The correlation between liver water and liver protein plus estimated glyco- 
gen. 


assumed to represent 2.5 per cent of the liver weight. In the animals fed 


the various diets the glycogen could be roughly estimated by the following 
formula. 


Glycogen = 0.975 X liver weight — (water +(N X 6.25)+ fat) 


In Table V these components of the liver weight are tabulated, and all 
values are expressed in terms of gm. per 100 gm. of body weight. The 
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means of the groups are given for the control fed animals, the rats fasted 
for 48 hours, and the animals refed after a 48 hour fast, diets containing 
40 per cent casein, lactalbumin, and gelatin respectively. The data for the 
individual rats which were fed low protein diets for 1 week without a pre- 
ceding fast are also given. In these studies the differences in liver fat are 
relatively unimportant in proportion to changes in total liver weight. The 
fluctuations in the estimated liver glycogen, however, are considerable, 
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Fic. 2. The correlation between liver water and liver protein 


and the loss of liver glycogen in the fasted animal is as important a factor 
in the reduction of liver mass as is the loss of liver protein. In rats refed 
40 per cent casein or lactalbumin diets after a 48 hour fast, the liver protein 
returned to the control values, but the total liver weight was significantly 
lower than that of the control, and it may be seen that the estimated liver 
glycogen was low in these animals. In the animals fed a 40 per cent 
gelatin diet very little increase in the liver protein over the fasting level was 
observed, but there were some deposition of liver glycogen and increase i 
liver weight. In a number of the rats fed the low protein diet for 1 week, 
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the liver protein was reduced to levels as low as that found in the 48 hour 
fasted group, but the liver weight was considerably higher than that seen _ 
in the fasted animals because of the retention of liver glycogen. The in- 
fluence of liver glycogen on liver weight is much greater than that due to 
the actual weight of glycogen in the liver, owing to the retention of water 
along with glycogen. This is shown by a comparison between total liver 
water and liver protein plus glycogen. The data for the individual animals 
of the groups listed in Table V are shown graphically in Figs. 1 and 2 with 
the corresponding correlation coefficients. There is a much better cor- 
relation between liver water and liver protein plus estimated liver glycogen 
than there is between liver protein alone and liver water. The linear na- 
ture of the former curve indicates that there was approximately the same 
amount of total liver water per gm. of liver glycogen present as per gm. of 
protein. ‘These results are in agreement with the findings of Fenn on the 
relation of water and glycogen in the liver of rats (11). 


DISCUSSION 


4 


From these studies it is evident that large quantities of an adequate 
protein must be fed before the liver protein, which has been lost during the 
48 hour fast, is restored. When diets containing 20 per cent casein or 
lactalbumin were fed for a 4 day period following the fast, the amount of 
liver protein present was still below the control value, although the rats 
regained the body weight lost during the fast. This suggests that liver 
protein is not restored to its original level until all of the body protein lost 
is replaced. A combined study of liver protein and accurate nitrogen 
balances would be required to prove this point. The lability of liver pro- 
tein is further illustrated by the findings in the animals fed the basal low 
protein diet supplemented by 3.5 per cent whole egg protein, egg white 
protein, or lactalbumin. Many of these rats showed a substantial gain in 
body weight during the time when liver protein was falling. 

The data indicate that the regeneration of liver protein in the rat follow- 
ing a fast can be used as a method of assay of dietary protein. Rats of a 
uniform strain and within a fairly narrow weight range were used in these 
experiments. Under these conditions the total liver nitrogen, expressed 
in terms of body weight, is quite uniform, as is the loss of liver nitrogen 
during a 48 hour fast. The rate of regeneration of liver protein following 
this period of fast is clearly dependent upon the amount and the amino ~ 
acid composition of the dietary proteins fed. If the amount of protein 
fed is kept constant, the differences between various proteins can be 
strikingly demonstrated. No regeneration of liver protein takes place in 
rats fed gelatin as the source of protein. Zein and gliadin, although in- 
complete proteins, are definitely superior to gelatin by this method of 
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assay. A statistically significant difference can be demonstrated between 
zein and gliadin, the latter being superior to zein. Both zein and gliadin 
are definitely inferior to casein and lactalbumin in promoting liver protein 
regeneration. These findings agree with the conclusions of other investi- 
gators using different methods of assay of food proteins (12). 

In the present studies the amount of regeneration of liver protein ob. 
tained with casein and lactalbumin is identical. It has been shown, how. 
ever, that in the rat larger amounts of casein than of lactalbumin must 
be fed to produce comparable growth (13). A significant difference be. 
tween these proteins when tested by their influence on the regeneration of 
serum protein in the dog (14) has likewise been shown. The superiority of 
lactalbumin over casein as a food protein is a somewhat special case, since 
the deficiency of casein is due not toa lack of an essential amino acid but to 
a relatively low content of total sulfur-containing amino acids. In the 
growth experiments in rats the sulfur deficiency manifests itself only after 
a prolonged period of feeding. In the experiments involving serum pro- 
tein regeneration a prolonged period of protein depletion was used before 
the test protein was fed. During these long experimental periods the lower 
sulfur content of casein as compared with lactalbumin could be demon- 
strated. In the present experiments rats fed an adequate diet were fasted 
for 48 hours prior to the refeeding for 4 days of the proteins studied. With 
such a short experimental period it is not surprising that no difference 
between casein and lactalbumin could be demonstrated. 

The advantages of the determination of regeneration of liver protein asa 


~ method of assay of dietary protein are apparent. It is simple and rapid, 


and, with the precautions described, the uniformity of results is such that 
statistically significant differences can be demonstrated with small groups 
of animals. Further refinements of the technique are possible, particularly 
the substitution of crystalline components of the vitamin B complex for 
the yeast powder, thus eliminating yeast protein. The possible objection 
that the protein of a specific tissue, 7.e. liver, might not be representative 
of the total body protein is not a real one, inasmuch as the results show 
that complete restoration of liver protein does not occur until the total body 
protein is replenished. 

By the use of this method of assay, it has been possible to demonstrate 
that the addition of methionine or cystine to a diet containing an inadequate 
amount of a good protein, casein, will increase considerably the amount of 
liver protein regenerated after fasting. These results confirm the impor- 
tance of methionine in protein synthesis demonstrated by Croft and Peters 
(7) by means of nitrogen balance studies in burned rats. Our results ind- 
cate further that the function of methionine in this process is not as a source 
of methyl groups, since the addition of choline to the same basal diet did 
not increase liver protein regeneration. It would appear that methionine 
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exerts its effect by virtue of its sulfur content, since cystine, and probably 
homocystine, acts similarly. 


SUMMARY 


1. A simple and rapid method for the assay of the nutritional adequacy 
of dietary protein is described, which is based on the regeneration of liver 
protein in the rat following a 48 hour fast. 

2. Gelatin, zein, gliadin, casein, and lactalbumin were among the pro- 
teins assayed. The complete inadequacy of gelatin can be demonstrated 
by this method, as by the older procedures of assay. Zein and gliadin are 
superior to gelatin but can be shown by this technique to be incomplete 
proteins when compared with casein and lactalbumin. A significant 
difference can be demonstrated between zein and gliadin, the latter being 
superior to zein. No difference is found between casein and lactalbumin 
with respect to their ability to stimulate liver protein regeneration. ; 

3. By the use of this method it has been shown that the addition of 
methionine or cystine to a diet containing an inadequate amount of casein 
will significantly increase the amount of liver protein regenerated after 
fasting. 

Addendum—Since the preparation of this manuscript, a note has appeared by 
Kosterlitz and Campbell! (15) which further confirms the validity of the use of liver 
protein regeneration as an index of amino acid composition of fed proteins. These 
authors have shown that in rats fed for 7 days a zein diet supplemented with both 
tryptophane and lysine, there was no loss of liver cytoplasm as measured by the 
non-lipid, non-glycogen solids. When either tryptophane or lysine was added singly 
to the zein diet, there was a decrease in liver cytoplasm, but not as great as when a 
protein-free diet was fed. The addition of tryptophane appeared to be more effec- 
tive in sparing liver cytoplasm than lysine. 
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Braunshtein and his coworkers (1) in their now classical investigations 
discovered the process of transamination in animal tissues and plants, 
and laid the foundation for an understanding of the enzymatic mechanisms 
by which this process takes place. They were led by their experiments 
to postulate the existence of two transaminating enzymes which they 
called glutamic and aspartic amimopherases, respectively. The glutamic 
enzyme reversibly transferred the amino group of l-glutamic acid to the 
keto acids of each of a considerable number of amino acids. Similarly, 
the aspartic enzyme was specific for l-aspartic acid as the primary donor 
of an amino group. Later, Cohen (2) took up the investigation of trans- 
amination, using a specific analytical method for the estimation of glutamic 
acid. While he confirmed the main features of the process of transamina- 
tion as outlined by the Russian workers, he disagreed with them on the 
score both of enzyme specificity and the number of enzymes involved. 
Apart from alanine and glutamic and aspartic acids, Cohen found no 
other naturally occurring amino acid which underwent transamination at 
a significant rate. Furthermore, he was led to believe that glutamic and 
aspartic acids were dealt with by only one enzyme. He concluded that 
this enzyme was responsible for transamination between the pairs, glu- 
tamate-pyruvate and glutamate-oxalacetate. 

Much of the confusion and difficulty which have attended the study 
of transamination has been due either to inadequate analytical procedures 
or to procedures too laborious to permit the rapid testing of activity which 
is an essential preliminary to any successful enzyme study. In the present 
communication simple and rapid methods are described for the study 
of transamination. With the use of these methods we have been able 
to prosecute expeditiously the isolation of two transaminating enzymes 
from pig heart, each of which has been brought to a stage at which the 
bulk, if not all, of the protein present has transaminase activity. One 
of the enzymes catalyzes the reaction 


(1) Glutamic acid + oxalacetic acid — a-ketoglutarie acid + aspartic acid 


* This investigation was supported by grants from the Rockefeller Foundation. 
the Williams-Waterman Fund of the Research Corporation, the Lederle Laboratories, 
Inc., and the John and Mary R. Markle Foundation. 
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and will be referred to as the aspartic-glutamic transaminase. The other 
enzyme catalyzes the reaction 


(2) Glutamic acid + pyruvic acid = a-ketoglutaric acid + alanine 


and will be referred to as the alanine-glutamic transaminase. Thus both 
transaminases share glutamic acid or its keto acid as an obligatory member 
of a transaminating pair. They differ only in their specificity for the 
second member of the pair. We have found no evidence for the existence 
of the glutamic acid and aspartic aminopherases with the specificities 
postulated by Braunshtein and Kritsman (1). Furthermore, neither of the 
two enzymes which we have isolated can catalyze transamination between 
the pair, aspartic acid-pyruvic acid. This reaction is only possible in the 
presence of the two enzymes and with glutamic or a-ketoglutaric acid as 
catalyst. In other words, the reaction between aspartic acid and alanine 
is not direct but is rather a consequence of the two transaminating systems 
coming into equilibrium with one another. 


Aspartic-Glutamic Transaminase 


Assay of the Enzyme—The action of the aspartic-glutamic enzyme may be 
followed by determining the formation or disappearance either of oxal- 
acetic acid or of a-ketoglutaric acid. The formation or disappearance 
of oxalacetic acid can be followed either manometrically or spectrophoto- 
metrically. Finally, a-ketoglutaric acid can be readily oxidized to succinic 
acid by H,O2 and then estimated manometrically by measuring the uptake 
of oxygen in the presence of the specific succinic oxidase. 

Regardless of which method is selected for assay of the enzyme, the 
relation between the amount of chemical change and the amount of enzyme 
is not linear, except at the beginning of the reaction. The transamination 
reaction is reversible and its rate becomes progressively slower as the 
equilibrium point is approached. This difficulty can be by passed (a) 
by working with such an excess of substrate that a measurable amount 
of chemical change does not alter the initial concentrations appreciably, 
(b) by selecting for estimation an amount of enzyme which lies on that 
portion of the enzyme-concentration curve which is more or less linear, 
and (c) by carrying out the estimation of the enzyme over a relatively 
short period of time. By observing these precautions, the assay of trans 
aminase can be made both accurate and consistent. 

Manometric Estimation of Oxalacetic Acid—Ostern (3) has described 4 
method of determining oxalacetic acid as CO, which depends upon the 
decarboxylation of the keto acid in the presence of a concentrated aqueous 
solution of aniline adjusted to pH 4.6. If one prefers to work at 38°, the 
error arising from the decomposition of oxalacetic acid during the equ 
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libration period can be eliminated by carrying out the transaminating 
reaction in which oxalacetic acid is formed, in the manometer cup, and then 
tipping the aniline reagent into the cup from a side arm. The CO, evolved 
represents both the CO, formed by decarboxylation of oxalacetic acid and 
the CO; initially present in the reaction mixture as bicarbonate. The CO, 
evolved from the control without transaminating enzyme should be equal to 
the bicarbonate CO, initially present in the reaction mixtures. The con- 
trol without the enzyme is preferred, since the enzyme solutions used are 
extremely dilute and the volume of enzyme solutions added is very small 
(< 0.1 ec.). Thus, in practice no error is involved in neglecting the 
bicarbonate CO, present in the enzyme solution. 

The following mixture was set up in a Warburg manometer cup: 0.50 
ec. of 0.2 m phosphate buffer of pH 7.3, 1.0 cc. of 0.2 mM aspartate, 0.50 
ec. of 0.2 M a-ketoglutarate (in one of the side arms), and 0.1 ec. or less 
of enzyme solution. After temperature equilibration was attained, the 
taps were closed and the a-ketoglutarate solution was tipped into the 
cup from the side arm. At the end of 10 minutes, 0.5 ec. of aniline citrate 
reagent! was tipped in from the second side arm or from the center well. 
Evolution of CO, was complete within 10 minutes of the addition of the 
reagent. 

Fig. 1 (Curve A) shows the relation between the amount of oxalacetic 
acid formed under the conditions mentioned above and the amount of 
enzyme. We have arbitrarily defined as a unit of transaminase activity 
an amount of enzyme which produces an amount of oxalacetic acid 
equivalent to 100 c.mm. of CO, in 10 minutes at 38°. It appears that 
the best range for assay lies between 0.2 and 1.5 units. If the amount 
of oxalacetic acid formed is known, the amount of enzyme in transaminase 
units can be read directly from the curve. 

For a given concentration of transaminase the amount of oxalacetic 
acid formed depends markedly upon the initial concentrations of aspartate 
and a-ketoglutarate. Thus Curve B of Fig. 1 describes the relation when 
the concentrations of substrates were increased 2.5 times those obtaining 
for the standard curve, A. The importance of adhering rigorously to 
fixed initial concentrations of substrates becomes obvious. 

Spectrophotometric Estimation of Oxalacetic Acid—The light absorption 
curves of a-ketoglutaric, pyruvic, and oxalacetic acids are shown in Fig. 
2. In the transformation of 1 micromole per cc. of a-ketoglutaric acid to 
glutamic acid and of 1 micromole of aspartic acid to oxalacetic acid at 
pH 7.3, the density reading at 280 my increases by 0.438 when the light path 
is10mm. Neither aspartic nor glutamic acid absorbs measurably at this 


: The aniline citrate reagent was prepared by mixing equal partsof aniline and a 
solution of citric acid made up by dissolving 50 gm. of citrie acid in 50 cc. of water. 
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Fic. 1. Oxalacetic acid formation as a function of the concentration of aspartic 
glutamic transaminase. The initial concentration of reactants in the experiments 
which make up the points of Curve A were 1.0 cc. of 0.2 M aspartate, 0.5 cc. of 0.2™ 
a-ketoglutarate, and 0.5 cc. of 0.2 Mm phosphate buffer of pH 7.3. The experiment was 
begun after temperature equilibration in the bath at 38° by tipping in the aspartate 
solutionfromasidearm. After 10 minutes 0.4 cc. of aniline citrate reagent was tipped 
in from the center pot and the CO, evolution measured. In the experiments whieh 
make up the points of Curve B the initial concentrations of substrate were 25™ 
higher than in the corresponding experiments of Curve A. 


wave-length. The value 0.438 represents the difference between the 
absorption of oxalacetic acid and that of a-ketoglutaric acid. Fig. 3 shows 
the course of the reaction when oxalacetic acid either is formed or dis 
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The spectrophotometric method? makes it possible for the first 
time to follow the process of transamination almost continuously. The re- 
action under the conditions outlined in the legend of Fig. 3 is linear for 
about the first 10 minutes and then progressively decreases to zero as 


extinction 


7230 S70 410 
wavelength my 
Fig. 2. Light absorption spectra of pyruvate, oxalacetate, and a-ketoglutarate. 
The ordinates represent extinctions (log J,/7 in a 1 cm. cell) at pH 7.3 and for the fol- 
lowing concentrations of keto acid, oxalacetate (@) 1 micromole per cc., a-ketogluta- 
rate(©) 10 micromoles per cc., pyruvate (©) 10 micromoles per cc. 


the equilibrium point is approached. Oxalacetic acid decomposes spon- 
taneously at an appreciable rate under the conditions of pH and tempera- 


? The main drawback we have found to the more extensive use of the spectrophoto- 
metric method is the lack of provision for temperature control in the present model of 
the Beckman spectrophotometer. However, the National Technical Laboratories 
are in process of producing a unit for temperature control of the compartment housing 
the absorption cells. Given adequate temperature control, the spectrophotometric 
method would certainly be the method of choice for following the kinetics of aspartic- 
glutamic transaminase. 


14 
1.0 
0.9 
a 
| | | | 
| 
| 
] 
a4 | 
o3 
0.2 
at \ 
> 
— 
ie- | 
nts 
as 
ch 
| 
he 
vs 


¥ 


‘ 


564 TRANSAMINASES 


ture of the spectrophotometric test. It therefore becomes necessary 
either to correct for the spontaneous decomposition by running a contrd 
containing oxalacetic and all other components except the enzyme, & 
to insure the rapid attainment of the end-point within a few minutes after 


2.21 
2.C 
° 
1.25 
1.0F 
x 
0.8} 
0.6} 
20 


time in minutes 


Fic. 3. The formation and disappearance of oxalacetate followed spectrophoto- 
metrically at 280 my in the glutamic-aspartic transaminase system. The curve 0 
represents the formation of oxalacetate. The reaction mixture consisted of aspartate 
(10 micromoles per cc.), phosphate buffer of pH 7.3 (0.033 m), enzyme, and a-ketogluta- 
rate (10 micromoles per cc.) which was added at time zero. The length of the absorp- 
tion cell was 1 em. The curve O represents the disappearance of oxalacetate. The 
reaction mixture consisted of glutamate (8 micromoles per cc.), phosphate buffer of 
pH 7.3 (0.033 m), enzyme, and oxalacetate (3.7 micromoles per cc.) which was added at 
time zero. The curve @ represents the decomposition of oxalacetate (3.7 micromoles 
per cc.) at pH 7.3 in the presence of 0.033 m phosphate buffer. 


the run has started by using larger amounts of enzyme. In the latter case 

the error due to the instability of oxalacetic acid can be neglected. 
Manometric Estimation: of a-Ketoglutaric Acid—The sample of a-kete 

glutarate should not exceed 2 ec. and should not contain more than # 
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micromoles. ‘The sample under test (previously boiled to inactivate any 
catalase, if this is present) is introduced into a test-tube and 0.2 cc. of 
3per cent H,Ozisadded. ‘The oxidation is allowed to proceed for 10 minutes 
at room temperature. 1 drop of paraffin oil is added (the use of capry! 
alcohol is to be avoided because it inhibits the succinic enzyme), and then 
a drop of a concentrated solution of catalase. When the foaming has 
stopped, the tube is heated in a boiling water bath for 3 minutes. Then 
a 2 ce. aliquot is transferred to a Warburg manometer cup containing 
0.2 cc. of 6 N sodium hydroxide in the center well, 0.5 ec. of a concentrated 
preparation of succinic dehydrogenase in the side arm, and 0.5 cc. of 
phosphate buffer of pH 7.3 in the main compartment of the cup. After 
temperature equilibration, the succinic enzyme is tipped into the main 
compartment and the oxygen uptake is recorded when no further change 
ensues (usually 1 to 2 hours). 1 atom of oxygen is equivalent to 1 molecule 


Taste I 
Estimation of a-Ketoglutaric Acid 


acid added Oxygen uptake, observed Oxygen uptake, theory 
micromoles comm. comm. 
10 | 104 112 
13.3 | 150 149 
16 | 186 179 
20 | 235 224 
20 | 228 224 
26.5 | 286 297 
30 336 336 


of a-ketoglutaric acid. Table I shows the results of some typical estima- 
tions of known samples of a-ketoglutaric acid by the above manometric 
method. 

Preparation of Reagents—-The following preparations were used: suc- 
cinic enzyme (4), catalase (5, 6), lithium pyruvate (7), a-ketoglutaric 
acid (8), and oxalacetic acid (9). 

Preparation of Enzyme—Pig heart is the richest and most convenient 
source of glutamic-aspartic enzyme that we have found. The enzyme is 
stable indefinitely when the fresh hearts are kept frozen on dry ice and 
also in solution at all stages of purification. We have used as our index 
of purity the ratio of light extinction at 280 mu in a | em. cell to the number 
of enzyme units per cc. (10). The conditions for measuring enzyme units 
are given in the legend for Curve A, Fig. 1. 

Preparation of Aspartic-Glutamic Transaminase—Pig hearts (10.2 
kilos) were minced finely and mixed with 4 volumes of water. The suspen- 
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sion was stirred for 30 minutes and then filtered through several layer 
of fine gauze. The residue was pressed out and washed with 2 liters of 
water. The combined filtrates (42.4 liters) contained 14.3. units per 
cc., purity index 0.42, total number of units 608,000. Ammonium sulfate 
(30 gm. per 100 ec.) was added and the precipitate filtered and kept for 
the preparation of the alanine-glutamic enzyme. The filtrate was treated 
again with ammonium sulfate (40 gm. per 100 cc.) and the precipitate 
was filtered through fluted papers. ‘The papers were stirred in 3 liters of 
water and the mixture was filtered through layers of fine gauze. The 
residue was pressed out and washed several times with 0.4 liter of water, 
The combined filtrates had a volume of 5 liters, of which 1.6 liters repre. 
sented the volume of the ammonium sulfate precipitate. The neutralized 
solution contained 18.8 units per cc.,° purity index 0.85, total number of 
units 94,000. 


Tasie Il 
Determination of Optimum Amount of Gel to Be Added 


Volume of gei added per volume | Enzyme units*® per cc. corrected for Purity index* 


of en-yme solution | dilution with gel 
0 | 70 0.25 
0.5 70 0.097 
1.0 | | 
1.5 | 52 | 0.081. 
2.0 | 45 0.006 


* As defined in the text. 


Ammonium sulfate (1.2 kilos) was stirred slowly into the enzyme solution 
to make the final concentration 46 gm. per 100 cc. The precipitate was 
filtered off through fluted papers and dissolved by the addition of 500 
ec. of water. The solution (640 cc.) containing 105 units per cc., purity 
index 0.45, total number of units 67,000, was heated to 60° in a boiling 
water bath and then filtered through fluted papers. The filtration is 
usually rather slow, requiring at least 12 hours for completion. ‘The filtrate 
(500 cc.) contained 90 units per cc., purity index 0.25, total number of 
units 45,000. The enzyme solution was then dialyzed for 6 hours against 
running tap water in a Visking sausage casing, final volume 620 ce., 72 units 
per cc., purity index 0.25. 


* In testing dilute solutions of the enzyme containing considerable amounts o 
ammonium sulfate, the estimation may be in error owing to the inhibition of the 
enzyme activity by ammonium sulfate. This inhibition becomes apparent when the 
estimated number of units per cc. increases as the volume of the sample used for the 
test becomes smaller. Dialysis for 5 hours against running water suffices to reduce 
the level of ammonium sulfate below the inhibitory level. 
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The dialyzed solution was then treated with tricalcium phosphate 
gel (11). Atrial run to determine the optimum amount of gel to be added 
was carried out as indicated in Table Il. Hence the enzyme solution was 
mixed with 1.5 volumes of tricalcium phosphate gel. The supernatant 
fluid after removal of the gel by centrifugation was treated with ammonium 
sulfate (70 gm. per 100 ec.). The precipitate was filtered through fluted 
papers and dissolved by addition of 100 ce. of water. The concentrated 
solution of the enzyme was then fractionated by stepwise addition of 
ammonium sulfate into five fractions (Table II1). Fraction [Va, con- 


Taste Ill 
Fractionation of Concentrated Enzyme Solution 
Fraction No. | Volume | Units per cc. | Purity index 
la 11.4 | 5 4.35 
Ila 12 15 1.18 
IIIa 25 0.25 
Va 24 0.048 
Va 20.8 77 0.143 
Taste IV 


Refractionation of Fraction [Va 


Fraction No. Volume — Units per cc. Purity index 
Ib 10 32 0). 265 
IIb 10 | 156 0.135 
IIb 10 | 89.5 0.108 
IVb 10 1060 0.043 
Vb 10 36 0.153 


taining 15,600 units with a purity index of 0.048, was again fractionated 
into five fractions with ammonium sulfate (Table IV). 

Fraction IVb, containing 10,600 units of purity index 0.043, was found 
in the Tiselius apparatus at pH 7.4 to contain three components with the 
following mobilities: 0.94, 2.87, and 4.90 X 10~°sq. em. gm.~'sec.-'. These 
were separated, and activity was found to be associated with both the 
4.90 and 2.87 components of Fraction [Vb which, respectively, accounted 
for 45 and 35 per cent of the total protein. The 0.94 component was 
found to be inactive. It should be pointed out that by using another 
and less satisfactory method of purification a different electrophoretic 
picture was obtained at the stage of purity index 0.043. In this case 
the ratio of the two components with velocities of 2.87 and 4.90 respec- 
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tively was 7:1 instead of 1.3:1 as above. Apparently the relative pro. 
portions of these two active components are determined by the method of 
purification. After electrophoretic separation of the 0.94 component the 
preparation of the enzyme has a purity index of 0.037, and appears homo. 
geneous in the ultracentrifuge. The fact that the aspartic enzyme occupy 
in two forms of equal catalytic activity is not unique. The l-amino acid 
oxidase has recently been shown to occur in the form either of a unit with 
a molecular weight of 120,000 or one of 480,000; these forms have identical 
catalytic properties (12). 

The first aqueous extract in the above preparation was found to contain 
608,000 units. Only 94,000 units were recovered after the solution was 
fully saturated with ammonium sulfate. The first precipitate (30 gm, 
per 100 cc.) contained only insignificant amounts of the enzyme. There 
is always some loss associated with the precipitation of an enzyme from 
a dilute solution by full saturation with ammonium sulfate, but in this 
instance 85 per cent of the initial activity is lost. We are inclined to the 
interpretation that the estimate of the amount of the enzyme in the first 
extract is fictitiously high. The basis for this interpretation is the change 
in the purity index before (0.42) and after (0.85) precipitation by full 
saturation with ammonium sulfate. One would expect the precipitated 
enzyme to be purer rather than less than half as pure as it was in the original 
extract. This discrepancy has yet to be explained. 

The initial amount of enzyme per 2 kilos of dry weight of pig heart 
muscle is about 750,000 units, allowing for the volume of the insoluble 
residue after making the first aqueous extract of the minced muscle. This 
amount of aspartic transaminase corresponds to 31 gm. or 1.6 per cent 
of the dry weight of muscle. If the estimate of the number of enzyme 
units in the first extract is too high, as suggested above, the estimate of 
the concentration of transaminase in the intact muscle would have to be 
lowered proportionately. 

Constants of Aspartic Transaminase—At the stage of purity index 0.03), 
1 mg. of enzyme is equivalent to 24 units. Since 1 unit represents an 
amount of oxalacetic acid equivalent to 100 ¢.mm. of CO, formed per 
10 minutes at 38°, the Q.,. (the CO, equivalent formed per hour per mg. 
of dry weight of enzyme) is 14,400. On the basis of a molecular weight 
of 60,000 for glutamic-aspartic transaminase, calculated from the diffusion 
and ultracentrifuge data of Dr. D. Moore, each molecule of enzyme would 
catalyze about 640 transamination reactions per minute. Finally, the 
enzyme at the stage of purity index 0.037 in a concentration of 1 mg. per 
ec. in a 1 em. cell has an extinction of 1.07 at 280 mu. 

Specificity of Enzyme—The glutamic-aspartic transaminase is _ highly 
specific for the two naturally occurring dicarboxylic amino acids. Ne 


tl 
s 
a 
| 
4 
at 
| 
| 


Pro- 
0d of 
t the 
Omo- 


tical 


FBZ 


BEES 


GREEN, LELOIR, AND NOCITO 569 


other amino acid has been found to be active as a donor of amino groups 
to a-ketoglutaric acid. Alanine, leucine, serine, and methionine cannot 
replace aspartic acid. Glutamine and pyrrolidinecarboxylic acid cannot 
replace glutamic acid. Mesoxalic acid can replace oxalacetic acid, but 
the rate of transamination in the presence of mesoxalic acid is only a 
small fraction of that in the presence of oxalacetic acid. Similarly cysteic 
acid can replace aspartic acid, though again very feebly. 


Alanine-Glutamic Transaminase 


Assay of Enzyme—The activity of the alanine-glutamic enzyme may 
be followed by determining the formation or disappearance either of 
a-ketoglutaric acid or of pyruvic acid. The manometric estimation of 
a-ketoglutaric acid has been described above. 

Colorimetric Estimation of Pyruvic Acid—Straub’s method (13) consists 
of condensing pyruvic acid with salicylaldehyde in strongly alkaline 
solution to form a colored substance with a light absorption peak at 440 
mu in the visible spectrum. Neither a-ketoglutaric acid nor oxalacetic 
acid reacts with the reagent under these conditions. 1 cc. of the pyruvic 
acid solution containing not more than 5 micromoles was mixed in order 
with 1.0 ec. of KOH solution (100 gm. plus 60 ec. of water) and exactly 
0.5 ec. of salicylaldehyde solution (2 per cent in alcohol). After 10 minutes 
incubation at 38°, the solution was made up to 25 ce. with water and the 
extinction at 440 mu was determined against a blank with all additions 
except pyruvic acid. Fig. 4 shows that a linear relation obtains for the 
range of concentrations investigated. 

For estimation of the activity of the enzyme a reaction mixture was 
set up consisting of 0.5 cc. of 0.2 M phosphate buffer of pH 7.3, 0.2 ce. 
of 0.2 M a-ketoglutarate, and enzyme solution in a volume not exceeding 
0.2 cc. The mixture was warmed in a water bath at 38° for 5 minutes. 
Then 0.2 cc. of m dl-alanine solution (also kept at 38°) was introduced and 
the transamination reaction allowed to proceed for 10 minutes, at which 
time the KOH solution was added. From then on the procedure is identi- 
cal with that described for the estimation of pyruvic acid. A blank with 
all additions except that of enzyme was included and the extinction of 
the experimental at 440 mu was measured against this reagent blank. Since 
the color of the salicylaldehyde-pyruvic acid condensation product is not 
stable, depending on factors which are not easily reproduced from one 
set of estimations to another, a pyruvie acid standard was run through 
the estimation procedure simultaneously with the experimentals. Fig. 5 
shows the relation between the amount of enzyme and the amount of 
pyruvic acid formed. An approximately linear relation obtains when 
the enzyme is added in an amount which does not produce more than 5 
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micromoles of pyruvic acid in 10 minutes under the conditions of the teg. 
We have arbitrarily defined as a unit of glutamic-alanine activity an amount 
of enzyme which forms 4.47 micromoles of pyruvic acid per 10 minutes 
This apparently odd quantity is equivalent to 100 c.mm. of COs and thy 
the unit of activity is identical with that of the glutamic-aspartic enzyme 

Preparation of Enzyme—The unit of activity and the index of purity 
for the glutamic-alanine enzyme are defined in the same way as forgthe 
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Fic. 4. Relationship between the light absorption at 440 my and the amount of 
pyruvic acid. Increasing amounts of lithium pyruvate were mixed with salicylalde. 
hyde in alkaline solution, as described in the text. The density readings were made 
ina lem. cuvette at 440 mg. 


other transaminase. The glutamic-alanine enzyme is comparatively 
less stable in pig heart and occurs in lower concentrations. The precipitate 
formed by addition of 30 gm. of ammonium sulfate per 100 cc. in the first 
step in the purification of the glutamic-aspartic enzyme serves as the start 
ing point of the preparation. 

Preparation of Alanine-Glutamic Transaminase—Fresh or frozen pig 
hearts (6.8 kilos) were minced finely and mixed with 4 volumes of water. 
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After being stirred for 30 minutes, the suspension was filtered through 
layers of fine gauze. The filtrate (27 liters) contained 5 units per cc., 
purity index 0.94, total number of units 137,000. Ammonium sultate 
was added (30 gm. per 100 cc.) and the precipitate was filtered off through 
futed papers. The papers were stirred in | liter of water and the mixture 
was filtered through layers of fine gauze. The residue of filter paper was 
pressed out and washed several times with water until the washings were 


mols vv ic acid 


units of enzyme 


Fic. 5. Pyruvic acid formation as a function of the concentration of alanine-glu- 
tamic transaminase. The initial concentrations of reactants were 0.2 cc. of 0.2m 
a-ketoglutarate, 0.2 cc. of M alanine, and 0.5 cc. of 0.2 m phosphate buffer of pH 7.3. 
Total volume 1 cc., reaction time 10 minutes, 38°. 


colorless. The filtrate (1.11 liters) contained 72 units per cc., purity 
index 0.32, total number of units 80,000.‘ 

The above filtrate was neutralized to pH 7 with 6 N sodium hydroxide 
and rapidly heated to 60° in a bath of boiling water. The coagulum was 
removed by filtration or centrifugation and washed thoroughly with water. 
The turbid filtrate or supernatant was mixed with ammonium sulfate 


‘Cf. foot-note 3. 
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(30 gm. per 100 cc.). The precipitate was centrifuged down and redis 
solved by addition of 200 cc. of water. The enzyme solution is now suff. 
ciently concentrated to permit of fractionation by stepwise addition ¢ 
ammonium sulfate. The solid reagent is added slowly with vigoroys 
stirring until a precipitate is formed. The precipitate is centrifuged dow 
and the supernatant fluid is again treated with ammonium sulfate. Jy 
this manner three fractions were obtained, only the first of which (Fraction 
Ia) contained any appreciable amount of activity, volume 116 ce., 3% 
units per cc., purity index 0.22, total number of units 45,000. 

The solution of Fraction Ia was dialyzed for 4 hours against running 
tap water and then for 12 hours at 1° against distilled water. The bulky 


TaBLe V 
Refractionation of Fraction la 


Fraction No. Volume | Units per cc. Purity index | Total No. of units 
ce. | 
Ib 40 | 296 | 0.101 11,800 
IIb 18 | 480 | 0.087 | 8,600 
VI 
Refractionation of Fraction Ib 
Fraction No. | Volume | Units per cc. | Purity index Total No. of units 
Ib; ae 290 | 0.153 | 4900 
Ib. 17 | 270 0.071 | 4600 
Ib; 17 | SS 0.107 | 1500 


precipitate which formed on dialysis was centrifuged off and washed. 
The combined supernatant fluids (168 cc.) contained 208 units per ce. 
of purity index 0.098, total number of units 35,000. 

Stepwise fractionation with ammonium sulfate was now repeated. 
Four fractions were obtained, Fractions Ib, IIb, IIIb, and 1Vb, only two 
of which were active, viz., Fractions Ib and IIb (Table V). Fraction I 
was refractionated into three fractions with the results indicated in Table 
VI. Fractions Ib. and IIb were combined and refractionated into six 
fractions with ammonium sulfate (Table VII). Fractions Ile and Ille 
were mixed and refractionated with ammonium sulfate into five fractions 
(Table VIII). Fractions IIld and IVd were separately fractionated inte 
three fractions each. The last two fractions of IId and the first fraction 
of IVd were combined with Fraction IIIb, and the resulting solution was 
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fractionated with ammonium sulfate for the fifth and final time into 
three fractions (Table IX). We have been unable to advance the purity 
of the enzyme beyond the stage of purity index 0.020 by chemical frac- 
tionation procedures. While the preparation of the enzyme at this stage 
appears homogeneous in the ultracentrifuge, two components can be seen 


Tasie VII 
Combination and Refractionation of Fractions Ibz and I1b 
Fraction No o Volume Units per cc. Purity index Total No. of units 
ee. 
le | 6 372 | 0.052 | 2200 
12 670 0.029 8000 
IIle 11 | 576 | 0.039 | 6400 
1Ve | 1] SS | 0.195 | 940 
Vie | 11 | 0 ‘ | 0 
Taste VIII 
Refractionation of Combined Fractions Ile and IIIc 
Fraction No. | Volume — Units per cc. | Purity index | Total No. of units 
| | 
Id 4 216 0.067 | 865 
Id | 4 712 0.0316 | 2850 
050 0.0213 | 3800 
IVd 4 os4 | 0.0344 | 2740 
Vd 4 70 0.25 | 280) 
Tasie IX 
Fractionation of Combined Fractions of Fractions Hd and IVd 
Fraction No. | Volume Units per cc. | Purity index | Total No. of units 
le 3 567 | 0. 020 | 1700 
Ile 5 OSO 0.020 | 4900 
4.5 14 0.045 S7 


in the Tiselius apparatus. An appreciable amount of the smaller and 
faster moving component can be separated after 12 to 24-hours from the 
other component. The purity index of this electrophoretically homogeneous 
component was found to be 0.008. The second component was inactive. 

The initial yield of enzyme from 1.36 kilos of dry weight of minced 
heart muscle is 171,000 units. Since 107 units are equivalent to 1 mg., 
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the amount of alanine enzyme present initially is 1.6 gm. or about 0.12 
per cent of the dry weight of heart muscle. 

Constants of Alanine-Glutamic Enzyme—At the stage of purity index 
0.008, 1 mg. of enzyme is equivalent to 107 units (Q.,, of 64,000). The 
activity per unit weight of the glutamic-alanine enzyme is therefore about 
4.5 times that of the glutamic-aspartic enzyme under comparable condi- 
tions. Assuming a molecular weight of 180,000, each molecule of the 
glutamic-alanine enzyme would catalyze 8600 transamination reactions 
per minute at 38° under the conditions of the standard test. This turn- 
over number is some 13 times greater than that of the glutamic-aspartic 
enzyme. 1 mg. of homogeneous enzyme per cc. in a 1 cm. cell has an ex- 
tinction at 280 mu of 0.86. 

Specificity of Enzyme—lIn the reaction between alanine and a-keto- 
glutaric acid, alanine can be replaced by a-aminobutyric acid, though 
the velocity is only a small fraction of that with alanine. N-Monomethyl- 
alanine, phenylalanine, valine, serine, methionine, leucine, a-aminovaleric 
acid, cysteic acid, and d-alanine cannot replace /-alanine. In the reaction 
between glutamic acid and pyruvic acid the latter can be replaced by 
a-ketobutyric acid and mesoxalic acid, while the former cannot be replaced 
by cysteic acid, glycyl cysteine, glutathione, pyrrolidonecarboxylic acid, 
acetylglutamic acid, leucine, methionine, glutamine, tyrosine, threonine, 
a-aminocaproic acid, lysine, pn, cystine, valine, and hydroxy- 
proline. 

Equilibrium Constants—In the reactions between a-ketoglutarate and 
aspartate or alanine, an equilibrium is established, as was clearly shown 
by Kritsman (14) and Cohen (15). Using enzymes of the highest purity 
level, we have confirmed the approximate positions of the equilibria which 
Cohen reported for the two transaminating reactions, K = 0.3 for the 
reaction shown below in reaction (1), and A = 1 for the reaction shown 
in reaction (2). In the calculation of the equilibrium constant, the error 
in estimating any one of the four reactants is squared. Since the errors 
of estimation lie within the range of 5 to 10 per cent the uncertainty in 
evaluating the equilibrium constant is 25 to 100 per cent. With the present 
methods of estimation there is little point in assigning other than tentative 
values for the equilibrium constants of the two transaminating reactions. 

Prosthetic Group of Transaminases—Braunshtein and Kritsman (16) 
have reported that the so called aspartic aminopherase contains a dissoci- 
able coenzyme, and they have reported on the preparation of this coenzyme 
from yeast. We have been unable to find any evidence that a transaminase 
exists in animal tissues which is specific for aspartic acid and not for glu- 
tamic acid. It is our impression that the so called aspartic enzyme 18 
merely a mixture of the two transaminases with glutamic or a-keto- 
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glutaric acid as “catalyst.” Thus reaction (3) between aspartate and 
pyruvate is the summation of reactions (1) and (2): 


(1) Aspartate + a-ketoglutarate = oxalacetate + glutamate 
(2) Glutamate + pyruvate = a-ketoglutarate + alanine 
(3) Aspartate + pyruvate — oxalacetate + alanine 


The mode of preparation and the properties of the coenzyme which Braun- 
shteIn and Kritsman have isolated from yeast strongly suggest that it is 
glutamic acid. In other words, the coenzyme effect can be explained 
entirely in terms of reactions (1) and (2). 

Although no evidence has been found that either of the two transaminases 
becomes inactivated during the purification procedure as the result of 
the loss of a dissociable coenzyme, we have been able to show that both 
enzymes contain a substance, some of whose properties are known to be 
shared by a derivative of pyridoxal. But first it will be necessary to 
digress to a consideration of the properties of dihydroxyphenylalanine 
or dopa carboxylase’ of pig kidney. This carboxylase on purification 
was found to be inactive unless supplemented with a coenzyme found 
in boiled extracts of heart and liver. Gale and Epps (18) in their investi- 
gations of the bacterial enzymes which decarboxylate amino acids showed 
that the lysine and tyrosine carboxylases contained a dissociable coenzyme 
which they called codecarboxylase. They studied the distribution of 
codecarboxylase, finding that it occurred universally in animals and bac- 
teria. Furthermore, they isolated the coenzyme fn highly purified form 
from yeast. A sample of codecarboxylase prepared from yeast by Gale’s 


5 Dopa carboxylase, which was first discovered by Holz et al. (17), hitherto has not 
been obtained in purified and concentrated form. Our method of preparation is as 
follows. Pig kidneys were finely minced and then extracted with 2 volumes of ice- 
cold 0.8 per cent sodium chloride solution. After coarse particles were strained out 
through several layers of wide-meshed gauze, the extract was clarified by centrifuga- 
tion. The highly opalescent supernatant fluid was then treated with ammonium sul- 
fate (18 gm. per 100 cc.) and the precipitate discarded. Ammonium sulfate was 
again added (12 gm. per 100 cc.) and the precipitate which contained the enzyme was 
redissolved in water. The solution of the enzyme was then again submitted to frac- 
tional precipitation with ammonium sulfate as above. The solution of the twice 
fractionated enzyme was dialyzed against 0.002 m ammonia at 0° during 4 days. The 
solutions so dialyzed are virtually inactive in the absence of codecarboxylase. In ad- 
dition to the coenzyme, reducing substances such as cysteine or glutathione are essen- 
tial for reconstituting the activity of the split enzyme. The process of splitting off 
the coenzyme by dialysis against ammonia water is also attended with considerable 
irreversible loss of activity. The purification procedure should be carried out as 
quickly as possible, and always at 0°, to minimize the ‘rate of destruction of the 
enzyme. The enzyme is most stable when stored as an ammonium sulfate precipitate. 
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method wus found to replace boiled extracts of heart and kidney in re. 
storing the activity of dopa carboxylase. More recently Gunsalus and 
his colleagues (19) have discovered that pyridoxal which has been subjected 
to phosphorylating agents, either inorganic or enzymatic, can replace 
Gale’s coenzyme as codecarboxylase for various amino acids and carboxy- 
lases of bacterial origin. Through the kindness of Dr. Gunsalus and 


160 


A A A 


1.0 2.0 3.0 3.75 
pg pyridoxal phosphate 

Fic. 6. Rate of decarboxylation of dihydrophenylalanine by dopa carboxylase as 
a function of the concentration of codecarboxylase. The reaction mixtures contained 
0.8 ec. of 0.015 m dihydrophenylalanine, 0.5 cc. of 0.2 mM phosphate buffer of pH 7.0,1 
mg. of cysteine, 1 cc. of dialyzed pig kidney enzyme, and varying amounts of synthetic 
codecarboxylase as prepared by Umbreit et al. (19). The gas space was filled with 


nitrogen. At time zero the substrate was tipped into the central compartment of the 


manometer cup from a side arm. After 15 minutes 0.4 cc. of 6 N sulfuric acid was 
tipped in from the center pot and the carbon dioxide evolution was then measured. 
The CO, evolution was corrected for the blank without enzyme. The reaction was 
carried out at 38°. The pyridoxal phosphate solution used was not pure, but the 
concentration in terms of the pure substance has been estimated by Dr. Gunsalus. 


Dr. Folkers, we were able to test “‘pyridoxal phosphate”’ as coenzyme for 
dopa carboxylase. It was found to be fully equivalent to Gale’s yeast 
coenzyme in its action on the split dopa enzyme (cf. Fig. 6). 

The fact that extremely valuable information was obtained by using 
split d-amino acid oxidase as a test system for flavin dinucleotide suggested 


to us the use of the split dopa enzyme as a test system for codecarboxylase. . 


Various enzyme preparations were tested for the presence of codecar- 
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boxylase, including the purest preparations of the two transaminases. 
The extremely high concentration of the codecarboxylase which was 
found in the solutions of the two transaminases compared to the negligible 
amounts found in other highly purified enzymes made it seem unlikely 
that the presence of codecatboxylase was fortuitous. The relationship 
between the activity of each of the two transaminating enzymes and the 
amount of codecarboxylase was investigated in different fractions and in 
the final homogeneous preparations. Table X shows that there is a very 
satisfactory correlation between the amount of transaminase and the 
amount of codecarboxylase in the case of the alanine enzyme. The 
proportionality is admittedly less exact in the case of the aspartic enzyme 
but there can be no doubt that there is a correlation. The codecar- 


TABLE X 
Presence of Codecarboxylase in Preparations of Two Transaminases at Different 
Stages in Purification 
In testing for codecarboxylase activity the solution of the transaminase was first 
boiled and then added to the assay system without removing coagulated protein. 


Alanine enzyme Aspartic enzyme 


Purity index | xy lase Purity index xylase 
Enzyme units Enzyme units 


| Micrégrams codecar- | Micro 
| 
| 


0.22 | 0.0037 0.85 0.038 
0.10 | 0.0035 0.55 | 0.016 
0.09 | 0.0028 0.45 0.018 
0.06 | 0.0042 0.42 0.021 
0.034 | 0.0041 | 0.14 0.045 
0.006 | 0.0025 0.11 | 0.032 


| 0.041 | 0.023 


boxylase associated with the aspartic enzyme is extremely difficult to 
separate from the coagulated protein and this unpleasant property may 
well explain some of the variations in the estimation. A crude solution 
of alanine transaminase after being boiled will show full codecarboxylase 
activity in the assay system only if the coagulated protein is added. The 
filtered solution is much less active. As the purification proceeds, the 
codecarboxylase shows less and less tendency to be retained by the protein 
coagulum, and at the highest purity level a protein-free solution can be 
obtained containing the original codecarboxylase activity of the enzyme. 
In the case of the aspartic enzyme, the tendency of the codecarboxylase 
to adhere to the coagulated protein is greater and persists from the first 
crude extracts to the highest purity level. At best a few per cent can 
be obtained in protein-free solution. The fact that the coagulated protein 
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shows codecarboxylase activity must mean that the codecarboxylase 
is at least slightly dissociable, and that it preferentially combines with 
the protein of dopa carboxylase. In other words, codecarboxylase hag 
a stronger tendency to combine with the protein of dopa carboxylase than 
with the coagulated protein. However, the transfer may not be quanti- 
tative, and that may be at the root of the difficulty in getting better cor- 
relations between the amount of codecarboxylase and the amount of 
aspartic transaminase activity. It is of interest to point out that by 
boiling ‘“‘pyridoxal phosphate” in the presence of coagulable protein, 
the synthetic coenzyme is found to be retained partially or completely 
in the coagulum to an extent, depending upon the nature and amount 
of protein added. 

Both transaminases lose activity following prolonged dialysis against 
0.002 mM ammonia at 0°. Thus the alanine enzyme is completely inactive 
at the end of 3 days. The aspartic enzyme loses activity more slowly, 
reaching complete inactivation only after about 12 days. This loss in 
transaminase activity is paralleled by a loss in the codecarboxylase activity 
of the boiled enzyme. It is not possible to decide which is cause and which 
is effect; z7.c., whether loss in transaminase activity is the result of loss of 
codecarboxylase or whether inactivation of the enzyme is followed by 
splitting off of the codecarboxylase. In any case, the two events occur 
simultaneously and we may regard these dialysis experiments as evidence 
for the view that codecarboxylase is a functional part of transaminase in 
the sense of being a coenzyme or prosthetic group. 

It became important to know whether the “‘coenzymes”’ of the two 
transaminases are identical with pyridoxal phosphate. Both Gunsalus‘ 
and Baddiley and Gale (20) have already established the identity of yeast 
codecarboxylase with pyridoxal phosphate. When the coenzymes were 
heated for 1 hour at 100°, the per cent destruction of the codecarboxylase 
activity was found to be 57 for the coenzyme of aspartic transaminase, 
65 for the coenzyme of alanine transaminase, and 54 for pyridoxal phos 
phate, when treated with 0.1 N sulfuric acid; when treated with 0.1 5 
sodium hydroxide or with neutral solution there was no destruction. 
There appears to be complete correspondence of the three coenzymes, 
at least in regard to their pH stability. When the preparations of the 
coenzyme contain protein as an impurity, it may appear that boiling m 
neutral solution leads to destruction of the coenzyme. Analysis has 
shown, however, that this apparent loss of activity is due to a reversible 
combination of the coenzyme with protein. Exposure to 0.1 N alkali for 
a few minutes at 100° suffices to regenerate most of the original activity. 

The comparison of the three coenzymes was extended to a study of 
their action in stimulating the growth of Lactobacillus casei in a medium 
lacking in pyridoxine. Table XI shows that all three show growth 
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promoting activity at about the same dilutions. Two complicating 
factors are encountered in testing solutions of coenzyme which contain 
significant amounts of protein. As pointed out above, the coenzyme shows 
a strong tendency to combine with protein in the medium when the solution 
is sterilized by autoclaving. The coenzyme is not available for growth 
when present in this bound form, but it may be regenerated by hydrolyzing 
for a short period in 0.1 N HCl at 100°. Some of the coenzyme is hydro- 
lyzed during this period but, since pyridoxal is equivalent to its phosphoric 
ester as far as growth stimulation is concerned, the estimation is unaffected. 
When working with a protein-free solution of the coenzyme, no difference 


TABLE XI 


Effect of “‘Coenzymes” of Two Transaminases on Growth of Lactobacillus casei in 
Pyridozral-Free Synthetic Medium 


Micrograms per test Growth in 48 hrs. 

0 0 

Pyridoxal 0.02 + 
0.10 ++++ 

phosphate 0.005 0 
0.05 ++++ 

“Coenzyme”’ of alanine-glutamic trans- 0.01 + 
aminase 0.05 ++i + 

“Coenzyme’”’ of aspartic-glutamic trans- 0.005 0 
aminase 0.05 


The concentrations of the three coenzymes were determined by comparing their 
codecarboxylase activity against a standard pyridoxal phosphate solution. The 
“ecoenzymes’’ of the transaminases were prepared by treating the respective enzyme 
solutions at 100° for 1 hourin0.1 N acid. The solution of the ‘‘coenzymes”’ was then 
filtered before testing. ‘The growth medium was that described by Snell and Ranne- 
feld (21). 


in growth-stimulating effects is observed between untreated and acid- 
hydrolyzed solutions. A second complication which again is referrable 
to the presence of protein in the solution of coenzyme arises from the 
liberation of growth-stimulating substances by acid hydrolysis of protein. 
In the absence of pyridoxal these growth-stimulating substances have 
no influence on the growth of the test organism, but in the presence of 
pyridoxal they induce a rate of growth which is very much more rapid 
than in the presence of pyridoxal alone. Thus crude solutions of coenzyme 
which have been subjected to acid hydrolysis appear even more active 
than pyridoxal or its phosphoric ester in stimulating growth. However, 
with purified solutions of the coenzyme containing little or no protein, 
no significant difference can be discerned between the coenzymes isolated 
from the two transaminases and pyridoxal sheng in so far as growth 
stimulation is concerned. 
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Some as yet unpublished experiments of Gunsalus and his colleaguesé 
with Streptococcus faecalis have brought evidence trom another direction 
that pyridoxal phosphate is the prosthetic group of transaminase. They 
grew the organism in a medium deficient in vitamin Bs and showed that 
the suspensions of avitaminous bacteria were unable to catalyze the 
transaminations characteristic of the aspartic and alanine enzymes. How- 
ever, following addition of pyridoxal phosphate the transaminating activity 
was completely restored to normal. Schlenk and Snell (22) previously 
tried to show the participation of pyridoxal in transaminating reactions 
by adding it to the tissues of vitamin Be-deficient rats. However, their 
experiments were suggestive rather than conclusive. 

Mode of Action of Transaminase—There are at least three possible mech- 
anisms by which transamination reactions can take place. The reaction 
between glutamate and oxalacetate may be conceived of as an oxidation- 
reduction in which glutamate is oxidatively deaminated and oxalacetate 
simultaneously reductively aminated. According to this view, the proe- 
ess of transamination would be the summation of two separate reactions, 


(4) Glutamate + enzyme = a-ketoglutarate + NH, + reduced enzyme 
(5) Oxalacetate + NH; + reduced enzyme = aspartate + enzyme 


This mechanism can be excluded, since experiments with isotopic ammonia 
(cf. Shemin’) have shown conclusively that free ammonia is not formed 
during the process of transamination. Furthermore, there is no evidence 
that transaminase is capable of undergoing reversible oxidation and re- 
duction. 

Another mechanism was outlined by Braunshtein and Kritsman (1), 
according to which the enzyme catalyzed a Schiff base condensation be- 
tween the amino acid and the keto acid of the transaminating pair. The 
Schiff base compound would then undergo rearrangement and dissociation 
into the transaminated pairs. This mechanism was in fact proposed 
by Herbst (23) to explain transamination reactions in non-biological systems. 
More recently Snell (24) found that pyridoxal heated with glutamic acid 
underwent transamination with formation of pyridoxamine and a-keto- 
glutaric acid. This led him to postulate that the prosthetic group of 
transaminase is pyridoxal and that transaminase acted by alternately 
accepting and donating amino groups, as indicated in the equations below: 


(6) Glutamate + pyridoxal enzyme = a-ketoglutarate + pyridoxamine enzyme 
(7) Oxalacetate + pyridoxamine enzyme = aspartate + pyridoxal enzyme 

There is evidence from our own experiments and those of Gunsalus that 
the prosthetic group of transaminase is probably pyridoxal phosphate, 


* Gunsalus, I. C., private communication. 
7 Shemin, D., private communication. 


be 
‘ 
“2 
4 
t 
4 
‘ 
] 
1] 
12 
13 
4d 
15 
16. 
17. 


Cea 


& 


GREEN, LELOIR, AND NOCITO 581 


but we have been unable as yet to establish that cyclical amination and 
deamination of the prosthetic group take place during the process of 
enzymatic transamination. 


It is a pleasure to acknowledge our debt to Miss Marion Blanchard 
and Dr. P. K. Stumpf for their generous help in studying the properties of 
the coenzymes obtained from the two transaminases. 


SUMMARY 


The isolation and properties of two transaminating enzymes from pig 
heart are described. The aspartic-glutamic enzyme catalyzes the transfer 
of amino groups from oxalacetate to glutamate or from aspartate to a-keto- 
glutarate. The alanine-glutamic enzyme catalyzes the transfer of amino 
groups from pyruvate to glutamate or from alanine to a-ketoglutarate. 
Both of these enzymes have been purified to a point at which all the pro- 
tein present has enzymatic activity. The catalytic constants at this 
purity level have been evaluated. 

Rapid methods have been described for following the action and for 
determining the amounts of these enzymes. These methods depend 
upon the appearance or disappearance of oxalacetic acid, a-ketoglutaric 
acid, and pyruvic acid. 

Evidence has been presented which points to pyridoxal phosphate as 
the prosthetic group of both transaminating enzymes. 
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ISOLATION OF l-AMINO ACID OXIDASE 


By M. BLANCHARD, D. E. GREEN,*® V. NOCITO, anp S. RATNER 


(From the Departments of Medicine and Biochemistry, College of Physicians and 
Surgeons, Columbia University, New York) 


With a Norte sy Dan H. Moore 
(Received for publication, September 8, 1945) 


In an earlier communication it was shown that the oxidative deamination 
of approximately half of the naturally occurring amino acids is catalyzed 
by a single enzyme, /-amino acid oxidase. The general properties of this 
enzyme isolated from rat kidney and liver, as well as the mechanism of the 
reactions involved, have already been described (1). 

More recently the generosity of several pharmaceutical companies! in 
supplying us with some 50 kilos of rat kidney has made it possible to under- 
take the isolation of the enzyme. The purification has been brought to a 
stage at which the enzyme preparation is electrophoretically homogeneous. 
In the ultracentrifuge two components are found to be present. However, 
these have been shown to be two molecular species of the enzyme, one hav- 
ing 4 times the molecular weight of the other. The enzyme is a flavoprotein 
whose prosthetic group has now been identified as the flavin mononucleo- 
tide, riboflavin phosphate. The present communication is concerned with 
the preparation and some of the properties of the purified enzyme and with 
the evidence for the nature of the prosthetic group. 

Purification of Enzyme—The purification consists essentially of two suc- 
cessive precipitations of the enzyme with 15 per cent sodium sulfate at pH 
5.6, followed by at least three series of controlled stepwise fractionations 
with ammonium sulfate (cf. the experimental section). Since in the early 
stages of purification many of the impurities are colored compounds, the 
recognition of the enzyme as a flavoprotein is possible only toward the end. 
The activity of the final preparation represents at most only a 1 or 2 per 
cent yield. The over-all purification, starting from the first extract to the 
final preparation, is about 200-fold. In the early stages considerable losses 
are sustained at each step but the losses are more than offset by the degree 
of purification attained. 


* This investigation was supported by grants from the Rockefeller Foundation, 
the Williams-Waterman Fund of the Research Corporation, the Lederle Laboratories, 
Ine., and the John and Mary R. Markle Foundation. 

‘We are greatly indebted to Eli Lilly and Company, Hoffmann-La Roche, Inc., 
Parke, Davis and Company, and Schering-Kahlbaum for generous gifts of frozen rat 
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The preparation of the electrophoretically homogeneous enzyme has g 
Qo, of 52 in the presence of /-leucine at 38° and at pH 8.8. 1 mg. of enzyme 
at this stage of purity contains 6.6 y of riboflavin phosphate from which it 
can be calculated that each mole of enzyme catalyzes the oxidation of 6 
molecules of substrate per minute under the above conditions. This valye 
for the turnover number is admittedly far below the range for other flavo- 
proteins, which extends from 50 to 1000. The formidable discrepancy in 
catalytic velocity may indicate any one of three possibilities: (1) that the 
enzyme is not identical with the flavoprotein, being merely a minute im- 
purity, (2) that individual molecules of the enzyme have undergone ‘‘decay” 
(partial loss of activity) during the purification procedure and that the tum- 
over number of the native unprocessed enzyme would be oi the right 
catalytic order of meanitude, and (3) that /-amino acid oxidase is an un- 
usually slow enzyme. ‘The first possibility is inconsistent with the observa- 
tion that the prosthet.c group of the flavoprotein is reduced by amino acids, 
The actual rate of reduction has been determined and found to be about the 
same order of magnitude as the over-all oxidation of the substrate by 
molecular oxygen. ‘his is in accord with the assumption that the flavo- 
protein is identical with l-amino acid oxidase. The flavoprotein is distinet 
from all other known flavoproteins and, in so far as we have been able to 
determine, shows no catalytic activity except that characteristic of the 
l-amino acid oxidase. Furthermore it should be pointed out that the final 
preparation contains only two molecular species both of which are flavopro- 
teins with identical catalytic action. No one of the above points of ev- 
dence is in itself adequate, but collectively they leave little doubt of the 
identity of the /-amino acid oxidase with the flavoprotein which has been 
isolated. 

In saying that an enzyme may undergo “decay” during the purification 
procedure, we employ the term in the sense that single molecules of enzyme 
may become less active, rather than that a certain proportion of a popula 
tion of enzyme molecules has become completely inactive, as implied by the 
term “‘destruction.” There is no single method of deciding whether in the 
course of purification decay or destruction, as defined above, is proceeding. 
The fact that there is progressive improvement in the purity index (see 
‘‘Experimental’’) argues against any significant amount of decay. Further 
more, in the final stages of purification at which there is no appreciable los 
of activity, apart from the partition of the enzyme in different fractions, the 
process of decay, at least in these stages, can be definitely excluded. It 
seems likely that the l-amino acid oxidase like the vast majority of enzyme 
exists either as a fully active enzyme or as an inactive enzyme but not ins 
form that has only partial activity. These considerations exclude all but th 
third possibility; viz., that the l-amino acid oxidase is a very slow acting 


enzyme. 
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Lactic Oxidase Activity—a<A strict parallelism has been found between the 
ability of various preparations from rat kidney to oxidize l-amino acids 
and the ability to oxidize /-lactic acid and certain other a-hydroxy acids.* 
Thus the ratio of these two activities has been found constant from the first 
crude extracts to the final stage of purification at which the two molecular 
species of the enzyme are present. Since each of these species is active 
toward both substrates, it appears highly probable that both activities are 
associated with the same enzyme. ‘The full description of the lactic enzyme 
will be reserved tor another communication. The turnover number in the 
presence of lactic acid under optimum conditions of substrate and hydrogen 
jon concentrations is approximately 2.7 times as large as that in the presence 
of l-leucine. The flavoprotein is bleached by lactic acid just as it is by 
lLamino acids and the autoxidation of the leucoflavoprotein explains the 
formation of HO, during the catalytic oxidation of lactic acid in the pres- 
ence of molecular oxygen. 

Absorption Spectrum of Enzyme—Flavoproteins have been shown to have 
an absorption spectrum that differs only in minor respects from that of free 
riboflavin in the region 320 to 520 my (3-5). The curve’ for /-amino acid 
oxidase shown in Fig. 1 displays a maximum in the region of 450 mz, which 
is typical, but the band is broader than that of riboflavin, since it extends to 
410 my before declining. The second band of the oxidase, as expected, 
has a maximum at 360 my, but the extinction coefficient is higher than ex- 
pected in relation to that of the 450 my band. It is apparent that a second 
light-absorbing substance is present which, for reasons to be discussed 
below, we consider to be an impurity present in low concentration but pos- 
sessing a very high extinction coefficient in the region of 410 my. As puri- 
fication proceeds, the amount of absorption due to this substance grows 
progressively smaller. Removal of the final traces entails larger loss than 
is possible to take with the small quantities of purified enzyme which have 
been at our disposal. 

On reduction with hydrosulfite 75 per cent of the color is bleached at 460 
mu, the degree of bleaching becoming less at shorter wave-lengths, as shown 
in Fig. 1. The plot of the difference between the curves for the oxidized 
and reduced enzymes (the A curve) does not represent exactly the curve of 
the flavin component of the protein, because the impurity has also under- 
gone change in the presence of hydrosulfite. The inflection at 410 mu 


* In a preliminary report (2) we erroneously referred to the second catalytic func- 
tion of l-amino acid oxidase as a diaphorase action. The test system devised for de- 
tecting diaphorase activity contained lactic acid. The positive results we obtained 
were due to the fact that /-amino acid oxidase oxidized lactic acid directly and not to 
the ability of the enzyme to function as a diaphorase. 


1/el logio Jo/1,;¢ = the concentration in moles per liter and | = the cell length 
nem. 
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a which appears in both the A curve and that for oxidized enzyme strongly 
y suggests that the contaminating impurity is of an iron-porphyrin nature, 
| On reduction, iron-porphyrin proteins generally show an increased absorp- 
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tre Fic. 1. Light absorption spectrum of /-amino acid oxidase in 0.1 m phosphate . 
s buffer at pH 7.4. Double circles represent oxidized enzyme; solid circles, enzyme 
te reduced with hydrosulfite; clear circles, the plot of the difference between the absorp- e 
res tions of the oxidized and reduced enzyme. U 
tion and slight shift of the Soret band, while absorption in the regions ti 
either side may be increased at some wave-lengths and decreased at others 
‘ Compare, for example, the light absorption curves of ferri- and ferrocytochrome 
c reported by Theorell (6). h 
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This property would account for the fact that the A curve varies in some re- 
spects from that expected for the flavin component. Furthermore, iron- 
porphyrin compounds have in common the Soret band in the region of 410 
mg with an extremely high extinction coefficient. For example, the value® 


" given by Theorell and Akesson (7) for cytochrome c, «10 = 118 x 10°, 


is 26 times greater than that of riboflavin at the same wave-length. This 
factor is increased to 137 when the molecular weights are taken into account, 
cytochrome c having a molecular weight of 13,100 as compared to 69,000 for 
the minimum molecular weight of /-amino acid oxidase. Therefore in order 
to account for the absorption of the oxidized enzyme at 410 mz, which is 
double that expected of a flavoprotein, no more than 0.7 per cent of cyto- 
chrome c or an equivalent amount of some other iron-porphyrin protein 
would have to be present as a contaminant of the l-amino acid oxidase. 
This amount of impurity is less than can be detected electrophoretically. 
The fact that the enzyme appears homogeneous in the Tiselius apparatus 
but displays an impurity on spectrophotometric examination permits the 
conclusion that the impurity is present in very low concentration and is 
probably an iron-porphyrin compound. It was not surprising to encounter 
the problem of removing such impurities during isolation of flavoproteins 
from animal tissue, in which the concentration of iron-porphyrin compounds 
is extremely high in relation to flavoproteins. Warburg and Christian (8) 
found a similar contaminant of the ‘“‘old vellow enzyme”’ isolated from 
yeast. 

The flavin phosphate content of the enzyme is 0.66 per cent. This value 
was obtained spectrophotometrically by splitting the flavoprotein with 
trichloroacetic acid and removing the denatured protein by centrifugation. 
The colored impurity is precipitated with the protein in this procedure (see 
the section on the prosthetic group), thus permitting an accurate estimate of 
the flavin content. Since the data for the curves shown in Fig. 1 were cal- 
culated from the actual flavin phosphate content of the enzyme and the 
observed optical density, it may be seen that at 460 my the impurity has 
the effect of elevating the absorption by 17 per cent, as compared with the 
value given by Theorell (3) for the ‘‘old yellow enzyme,” ego = 10.4 X 10°. 
It is also apparent from Fig. 1 that the difference between the oxidized and 
reduced values, Ayo may not be used for accurate estimation of the flavin 
content of the enzyme, since it represents a summation of the changes 
undergone by both the flavin and the iron-porphyrin impurity. The value 
for Ago is actually 12 per cent lower than would be expected on the basis of 
the known flavin content. 


* The original value was expressed as 8, the molecular absorption constant, and 
has been converted to the « value in order to facilitate comparison. 
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Identification of Prosthetic Group 
Absorption Spectrum of Prosthetic Group—The losses sustained in the 
purification procedure are such that 3 kilos of fresh rat kidney furnish only 
about 5 cc. of a 1.5 per cent solution of the purified enzyme. Owing to this. 
restriction, identification of the prosthetic group was established by em. 
ploying enzyme preparations only of the highest purity level, as an alterna. 
tive to direct isolation. The prosthetic group does not dissociate from the 
protein to any appreciable degree and cannot, therefore, be recovered by 
mild procedures. When a solution of the enzyme is denatured by exposure 
to a temperature of 100°, the prosthetic group is split off but simultaneously 
undergoes considerable destruction. However, if the enzyme solution is 
brought to dryness rapidly in an oven at 105° and the thin film of protein 
extracted with small amounts of water, the recovery of flavin phosphate is 


3s 


360 
wavelength mu 


Fig. 2. Light absorption spectrum of the prosthetic group of /-amino acid oxidase 
(solid circles) and of riboflavin (clear circles). Aqueous solutions at pH 7.0. 


fair and the decomposition is negligible. The extract is vellow, with the 
characteristic greenish fluorescence of riboflavin. This material, without 
further treatment, was used to obtain the light absorption curve shown 2 
Fig. 2. The curve for free riboflavin (Merck) is also presented for com- 
parison. The flavin concentration of the solution of the prosthetic group 
was calculated from the observed optical density at 450 my and the extine- 
tion coefficient, é&s0 = 11.3 10°, as given by Warburg and Christian (9) 
for riboflavin or riboflavin phosphate.’ It may be seen that the two curves 
are practically superimposable with characteristic maxima at 450, 375, and 
265 mu. 

The molecular light absorption curves of riboflavin and its phosphor 
ester are coincident over the range investigated. However, the absorption 
curve of flavin adenine dinucleotide represents the summation of the 
absorption due respectively to riboflavin and adenine (9). Since adenine 
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does not absorb appreciably at wave-lengths greater than 300 mu, the curve 
for the dinucleotide is virtually identical with that of riboflavin down to 300 
mu. At 265 my, « for riboflavin is 29.4 10°, while that for the dinucleo- 
tide is 37.0 X 10°. As shown in Fig. 2, the ¢ value for Merck’s riboflavin, 
30.5 X 10°, is in good agreement with the value set by Warburg and 
Christian (9), while the ¢« value for the prosthetic group is 32.0 « 10°. 
The presence of a second absorbing component, either purine or pyrimidine 
in nature, would have increased the e value of the prosthetic group to 
37 X 10° or higher, since such compounds all have absorption coefficients of 
about the same order of magnitude as adenine itself. The slightly higher 
absorption of the prosthetic group observed in the region of shorter wave- 
length compared to that of riboflavin may justifiably be attributed to the 
presence of traces of impurities formed during the heat treatment. Appar- 
ently the riboflavin of /-amino acid oxidase is not associated with a second 
light-absorbing molecule, as would be expected were the prosthetic group a 
dinucleotide. The same absorption curve is obtained when the prosthetic 
group is split off from the protein following denaturation with trichloroacetic 
acid, after suitable correction for the pH effect and light absorption due to 
the reagent. 

Ratio of Phosphorus to Flavin in Prosthetic Group—The prosthetic groups 
of all the flavoproteins known thus far occur either as riboflavin phosphate 
or as flavin adenine dinucleotide. In order to distinguish between these 
two possibilities, advantage has been taken of (1) the differences in absorp- 
tion at 265 my, as already discussed above, and (2) the difference in the ratio 
of P to flavin, the mononucleotide and the dinucleotide having ratios 
respectively of 1:1 and 2:1. 

The P to flavin ratios were determined on samples of the prosthetic group 
prepared in several different ways, as indicated in Table I. The flavin 
content of Preparation 1 was estimated spectrophotometrically assuming 
e= 11.3 X 10° at 450 my (9). This value is only applicable to neutral 
solutions. In strong acid, the absorption of riboflavin is decreased in the 
region of the first maximum, and increased in the region of the second. 
Avalue of és9 = 9.8 & 10°, obtained from flavin solutions of known concentra- 
tion in 4.1 per cent trichloroacetic acid, has been used to estimate the flavin 
phosphate content of enzyme solutions to which trichloroacetic acid was 
added as the protein precipitant (Preparations 2 to 5). The light 
absorption of trichloroacetic acid is very small in this region and was ade- 
quately corrected for by a suitable blank. 

In order to estimate the P content of these solutions, a submicroprocedure 
(see “Experimental”’) having a range of 0.2 to 3 y of P was employed. It 
was found necessary to estimate both inorganic and organically bound P, 
since even after prolonged dialysis traces of inorganic P were still present. 
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All of the samples investigated, as shown in Table I, were found to have 
a ratio of organic P to flavin of 1:1. This was the case regardless of the 
treatment employed and serves to confirm the evidence, obtained from 
the absorption spectrum, that the prosthetic group is riboflavin phosphate, 

It should be pointed out that on prolonged dialysis there is some loss of 
flavin, for Preparation 5 which was not dialyzed has the highest flavin con- 
tent. The simultaneous loss of an equivalent amount of organic P appears 
to indicate that on dialysis the prosthetic group 1s split from the protein at 
the rate of a few per cent a day, without cleavage of the ribity] phosphorie 


TaBie I 
Ratio of Organic P to Riboflavin in l-Amino Acid Oxidase 


Inorganic Organic Molecular ratio 
| Treatment  phos- phos- of organic P to 
phorus  phorus® riboflavin 


| y perce. vy perce. perc. 

1 | Dialyzed 7 days against distilled 41.3 | 3.32 | 1.00:1.00 
water, oven-dried | | 

2 | Dialyzed 7 days against distilled | 50.3 | 0.63 | 4.81 | 1.00:0.96 
water, treated with trichloro- 
acetic acid 

3 | Dialyzed 6 days against distilled 55.9 1.74 | 4.23 | 1.00:1.08 
water, treated as Preparation 2 | 

4  Dialyzed 6 days against distilled 43.9 2.54 3.41 = 1.00:1.06 
water brought to pH with | 
 NH,OH, treated as Preparation 2 | 

5 | Undialyzed; treated as Prepara- 77.8 5.644 6.36 1.00:1.01 
| tion 2 | | 


* The figures in this column represent the difference between total and inorganic 
phosphorus. 


ester linkage. Presumably the splitting is responsible for inactivation of 
the enzyme and it explains why dialysis is invariably associated with loss of 
catalytic activity. 

The theoretical possibility remains that the prosthetic group of /-amino 
acid oxidase may exist as a conjugate of two riboflavin phosphate nucleo 
tides, although as yet no naturally occurring examples of such a configura- 
tion are known. It is to be expected that a compound of this nature will be 
much less acidic than riboflavin phosphate. Investigation of this property 
must await isolation. 

Number of Flavins per Molecule—In an earlier publication (2) it was re 


ported that the preparation of purified enzyme was found to be 


homogeneous when examined electrophoretically at pH 7.4. In the ultra- 
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centrifuge, two molecular species of the flavoprotein were found to be 
present, 60 per cent as a lighter form, having a molecular weight of 120,000, 
and 40 per cent of a heavy fraction which may be regarded as an aggregate 
of 4 of the lighter molecules. 

In the same communication the flavin content was reported as 0.46 per 
cent, expressed as riboflavin phosphate. Since this corresponds to a 
minimum molecular weight of 100,000 as compared to 120,000 obtained 
from ultracentrifuge data, the enzyme was regarded provisionally as having 
one riboflavin phosphate per molecule of protein. The estimation of the 
flavin content was carried out in samples obtained by extraction of oven- 
dried samples previously subjected to prolonged dialysis to insure complete 
removal of ammonium sulfate. We have since observed that the prosthetic 
group is split off at the rate of a few per cent a day when dialyzed against 
distilled water. This loss of flavin, as well as incomplete recovery from the 
dried film, led to erroneously low results. When the flavin content of un- 
dialyzed enzyme preparations was estimated by direct spectroscopic meas- 
urement of the supernatant fluid, after precipitation of the protein with 
trichloroacetic acid at 0°, the value was found to be 0.66 per cent, expressed 
as riboflavin phosphate, corresponding to a minimum molecular weight of 
69,200. It is extremely unlikely that a value appreciably higher than 0.66 
per cent will be obtained, since the entire purification procedure includes 
but one dialysis for 18 hours. The value of 0.66 per cent therefore strongly 
suggests that there are two riboflavin phosphate groups for each protein 
unit of approximately 138,000. Moore’s value (see the appended note) 
of 120,000 is in substantial agreement with this interpretation. The heavy 
component would then have a molecular weight of 552,000, containing eight 
flavin groups in all. 


EXPERIMENTAL 


Methods of Following Activity—We have arbitrarily defined as the unit 
of l-amino acid oxidase activity an amount of enzyme which in the presence 
of excess /-leucine and excess catalase* at pH 8.8 and 38° catalyzes the up- 
take of 60 c.mm. of O, per hour. All solutions of the enzymes, substrates, 
and buffer are previously adjusted to pH 8.8. To the enzyme solution in 
a Warburg vessel are then added 0.3 cc. of catalase and 0.5 m phosphate 
buffer to make a final volume of 3.0 ec.; 0.5 ec. of 0.1 m L-leucine in 0.5 m 
phosphate buffer is tipped in from the side arm after temperature equilibra- 
tion, and the oxygen consumption estimated manometrically. Since cata- 


* When excess catalase is present, exactly 1 atom of oxygen per molecule of sub- 
strate will be consumed (1). The catalase solution employed was a concentrated 
preparation obtained from pig kidney extract by two precipitations with 30 per cent 
ammonium sulfate, followed by dialysis. 
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lase is largely destroyed during Step 3 of the isolation procedure given below, 
it must be added to the test run. 

As a rapid and convenient measure of the degree of purity of the enzyme 
at each step of the purification, we have employed the purity index defined 
as the ratio of the optical density at 280 my in a 1 cm. cuvette to the number 
of units per cc. of enzyme. As the purification proceeds, the purity index 
becomes smaller, which means in effect that the amount of protein per unit 
of enzyme becomes progressively less until all the protein is associated with 
the enzyme itself. Because of the fact that ammonium sulfate inhibits 
l-amino acid oxidase even when present in concentrations as low as 0.01 m, 
it is not possible to test directly for /-amino acid oxidase activity during 
ammonium sulfate fractionations. The solutions might be dialyzed to 
remove the ammonium ion but apart from considerable delay there is the 
destruction of the enzyme which invariably attends dialvsis. This diff- 
culty has been overcome by taking advantage of the tact that the /-amino 
acid oxidase also oxidizes a-hydroxy acids such as lactic acid. The ratio, 
rate of oxidation of /-leucine to rate of oxidation of /-lactate, has repeatedly 
been found to be 1:2.7. The standard conditions employed for estimating 
the oxidation of lactic acid are identical with those given above for l-leucine 
except for the substitution of substrates. The oxidation of lactic acid is 
not inhibited by ammonium ions. Thus by estimating the oxidation of 
l-lactic acid it becomes possible to assay the / enzyme accurately in the 
presence of ammonium sulfate. 

In the final stages of the purification, when it is of the utmost importance 
to conserve material, one can avoid using up samples in a catalytic test by 
substituting a spectrophotometric index of purity. The iron-porphymnn 
impurity markedly increases the absorption at 410 my without influencing 
as appreciably the 450 my band characteristic of flavin. The ratio of extine- 
tions, €410/€450, becomes therefore a measure of the degree of purification 
of the flavoprotein as the limiting value of 0.5 is approached. The best 
ratio we have reached has a value of 0.96, whereas in cruder fractions the 
value of the ratio may be 10 to 20 times as high. The purity index and the 
extinction ratio have been applied only as rapid and convenient measures 
for following the purification. The catalytic activity and flavin phosphate 
contents of the purified enzyme are always based on a direct estimation of 
the dry weight of the protein. 


Preparation of Enzyme 


Step 1—Rat kidneys (about 1.5 kilos) were minced in a Waring blendor 
to a fine cream and poured into 4 volumes of acetone cooled to —5° with 
dry ice. The suspension was rapidly filtered with suction and the residue 
washed several times with cold acetone. The residue was powdered, al- 
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lowed to dry in air, then resuspended in acetone (room temperature) to 
remove as much of the residual fat as possible, filtered, and again allowed 
to dry in air. 318 gm. of dry powder were obtained. 

Step 2—The kidney powder was mixed with 10 volumes of water and the 
suspension allowed to stand for 30 minutes with constant stirring. The 
insoluble particles were filtered off and washed thoroughly with water. 
The volume of the combined filtrates was about 3.9 liters, containing 347 
units with a purity index of 347. Anhydrous sodium sulfate was added 
(15 gm. per 100 cc. of solution) and then glacial acetic acid to bring the pH 
to 5.1, as measured electrometricafly with a glass electrode. The precipi- 
tate was filtered through fluted papers. The filtration is rather slow and 
may be safely carried on overnight if necessary. ‘The enzyme is quite 
stable in this precipitate. 

Step 3—-The precipitate was suspended in water and 6 N NaOH was 
added to bring the pH to 8.5. The final volume was 360 cc., containing 
222 units. The suspension was heated to 57° for 5 minutes and the bulky 
coagulum filtered off. The filtrate (310 cc. containing 85 units) was treated 
again with sodium sulfate (15 gm. per 100 ec.), the pH being brought to 
5.6 with 10 per cent acetic acid. The adjustment of pH is critical and 
should be carried out electrometrically. The precipitate was centrifuged 
off, resuspended in water (50 cc.), and the pH brought to 8.7 with 6 N sodium 
hydroxide. The insoluble residue was centrifuged off and discarded. The 
clear supernatant fluid (56 cc.) then contained 48 units with a purity index 
of 13.9. 

Step 4—-The above enzyme solution was dialyzed for 18 hours at 


0° against 3 liters of 0.025 m phosphate buffer of pH 7.3. The pH of the 


ice-cold dialyzed solution was cautiously brought to 4.9 with 10 per cent 
acetic acid. The precipitate containing the bulk of the hematin impurities 
was discarded. ‘The supernatant fluid, which from this step on has the 
greenish yellow appearance of flavin solutions, was neutralized with 6 NX 
sodium hydroxide. 

Step 5—The enzyme solution was then subjected to a series of stepwise 
fractionations with ammonium sulfate between 30 and 60 per cent satura- 
tion. Table II is typical of the results with the first series of fractionations. 
When Fractions II and III of this stepwise fractionation were combined 
and refractionated, a second series of fractions with the following charac- 
teristics was obtained: Fraction A, 4.8 total units with a purity index of 
11.8; Fraction B, 12.4 total units with a purity index of 3.1; Fraction C, 
10.4 total units with a purity index of 3.1; and Fraction D, 2.0 total units 
with a purity index of 15.0. Fractions B and C were combined and 
refractionated in a third series in which the ratio of 410:450 my was Frac- 
tion 6, 1.18; Fraction c, 0.96; Fraction d, 1.17. Fraction a consisted of a 
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solution too opalescent for measurement, denatured material largely, 
Fraction c contained 4.8 units in 2 cc. with a purity index of 1.7. Solutions 
of the enzyme at this stage of purity appeared homogeneous in the Tisel- 
ius apparatus and were used for spectrophotometric analysis. 

In order to effect a separation of the light and heavy molecular species 
for examination of catalytic activity, a sample of the purified enzyme 
was treated in the ultracentrifuge as described in the note by Moore. To 
conserve material the enzyme content of each fraction was determined by 
spectrometric estimation of riboflavin phosphate. One fraction (the light 
component, containing 5 per cent of thé heavy one) had 0.44 unit of cata- 
lytic activity per microgram of riboflavin phosphate. A second fraction 
(the heavy component containing a small amount of the light one) had 
0.40 unit per microgram. 


TABLE II 
Stepwise Fractionation of Enzyme Solution 
_ Fraction No. ee Total units* | Purity index* 
I 36 3.4 | 19.3 
II 43 20.4 10.4 
III 50 15.2 10.1 
IV 58 2.9 22.2 


* As defined in the “ Experimental.’’ 


Estimation of Total Phosphorus—The procedure described is a micro 
adaptation of the method of King (10) in that perchloric acid is used for 
digestion and the color is developed in a stronger acid than employed origi- 
nally by Fiske and Subbarow (11), but it incorporates several valuable 
features employed by Bessey and Lowry (12) in their submicromethod. 
These are the development of color at an elevated temperature (here 100°) 
to increase sensitivity, and measurement of the light absorption at 820 mg. 

With the Beckman spectrophotometer and standard 1 cm. cuvettes, phos- 
phorus in the range of 0.2 to 3 y can be estimated with an accuracy of 2 
per cent. Trichloroacetic acid does not interfere with the estimation. 
The digestion tubes, which were also used for the final color development, 
were made of Pyrex tubing of 7 mm. internal diameter blown out to 4 
bulb of 20 mm. outside diameter and having an over-all height of about 
165 mm. These were calibrated to contain 3.5 cc., the bulb size being 
selected to bring the calibration mark from 5 to 10 mm., but no higher, 
above the neck of the bulb. Samples having a volume no greater than 2.5 
ec., to which 0.4 cc. of 72 per cent perchloric acid has been added, were 
digested in an oil bath at 200° for about 15 minutes after bringing the bath 


2 
4 
hn 
& 
; 
4 
a 


& 


BLANCHARD, GREEN, NOCITO, AND RATNER 595 


up to this temperature over a 20 minute interval. The slow rise in tempera- 

ture insured smooth distillation of water and of trichloroacetic acid which 

were completely removed by the time 200° was reached. Digestion then 

without bumping and no boiling stones were required. For most 

ds, including phospholipids, this digestion time was sufficient but 

it may, without introduction of errors, be increased to an hour or longer 
if necessary. 

After cooling the tubes, first 3.0 cc. of 0.33 per cent ammonium molybdate 
(2 cc. of the stock 5 per cent solution diluted to 30 ce.) were added, and 
then, after thorough mixing, 0.1 cc. of the aminonaphtholsulfonic acid 
reagent prepared according to King (10). A few hundredths of a cc. of 
perchloric acid distilled off during digestion, making necessary a final 
adjustment of the volume to 3.5 cc. with water. ‘The contents were mixed 
very thoroughly again with a thin rod flattened at the end. The color 
was developed by heating in a boiling water bath for 10 minutes. 
A straight line was obtained for the standard curve; 1 y gives rise to an 
optical density of 0.255 when read at 820 my in | em. cuvettes against 
blanks similarly treated. 

Inorganic Phosphate—In order to estimate inorganic phosphate in a 
solution containing riboflavin phosphate, without sacrificing sensitivity, 
it was considered desirable to reduce to a minimum the concentration of 
acid as used in the above estimation of total phosphorus in order to prevent 
hydrolysis of the phosphoric ester during color development at 100°. The 
concentration of acid and of the other reagents employed by Fiske and 
Subbarow (11) for inorganic phosphate was therefore scaled down to 
asubmicro level. Samples having a volume no greater than 2.75 cc. when 
trichloroacetic acid was present, or 1 cc. less when it was absent, were 
transferred to the same tubes as used above, followed by 0.6 cc. of 3 N 
HSQ,. If 1 ec. of 5 per cent trichloroacetic acid, or the equivalent acidity. 
was not included in the sample, it was added to insure the final required 
acidity. If necessary, water was then added to a volume of about 3 cc. 
with thorough mixing. This was followed by the addition of 0.1 cc. of 
5 per cent ammonium molybdate and finally by 0.05 cc. of the aminonaph- 
tholsulfonic acid reagent used above. The volume was brought to 3.5 
cc. Thorough mixing after the addition of each reagent, the final mixing 
being effected with a stirring rod, is absolutely essential to insure repro- 
ducible results. The tubes were then immersed in a boiling water bath for 
10 minutes and the density estimated as described above; the density in- 
creased by 0.250 for each microgram of increment. 

The estimation of inorganic phosphate at the low acidity employed was 
occasionally troublesome, owing to some variation in the blanks. This 
was avoided by very careful and thorough mixing after the addition of 
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each reagent and by checking on the agreement of duplicate or triplicate 
blanks. When hydrolysis of organically bound phosphorus is not a com. 
plicating factor, the conditions described above for total phosphorus, but 
employed without digestion at 200°, provide a more satisfactory procedure 
for the rapid estimation of very small amounts of inorganic phosphate. 

Preparation of Samples for Estimation of Flavin and Phosphorus—1 ce, 
aliquots of a purified enzyme preparation containing 14.27 mg. of enzyme 
and 94.3 mg. of riboflavin phosphate per cc. were dialyzed against distilled 
water for various periods, transferred quantitatively to a 5 cc. volumetric 
flask, and made up to volume. To each was added 1 cc. of 50 per cent 
trichloroacetic acid in the cold and the mixture centrifuged at 5° on the high 
speed head of the International centrifuge. Total P was estimated on 
0.5 cc. and inorganic P on 1 cc. aliquots of the supernatant. For estimation 
of flavin in the Beckman spectrophotometer, 2 cc. were diluted with an 
equal volume of water to reduce the trichloroacetic acid concentration to 
4.1 percent. Other dialyzed samples were rapidly brought to dryness in an 
oven at 105°, extracted with small portions of water, filtered, and brought 
to5ce. Solutions of the prosthetic group obtained by this treatment were 
used for P and flavin analysis as well as to provide the data given in Fig. 
1. The curve agrees throughout with the absorption curve obtained, after 
suitable correction for the pH effect and light absorption of the reagent, 
from solutions in which trichloroacetic acid had been used to precipitate 
the protein. 

The values for riboflavin phosphate, inorganic phosphorus, and organic 
phosphorus are given in Table I. Except for the case of the undialyzed 
sample, inorganic phosphorus was present in very small amounts (0.1 to 
0.2 y per sample) and could not be estimated with the same accuracy as the 


- total phosphorus. The uniformity of the ratios in the last column of Table 


I indicates that riboflavin is present as a phosphoric ester which undergoes 
no appreciable hydrolysis under the conditions for estimating inorganic 
phosphate. This was to be expected from the hydrolysis rates of riboflavin 
phosphate reported by Kuhn and Rudy (13), who found only 22 per cent 
hydrolysis after boiling for 2 hours in 15 per cent HCl. 

SUMMARY 

1. /-Amino acid oxidase has been shown to be a flavoprotein with ribo- 
flavin. phosphate as the prosthetic group. 

2. By an extensive series of salt fractionations, the enzyme has been 
brought to a stage at which it is electrophoretically homogeneous. _ In the 
ultracentrifuge, two components appear, having identical catalytic activity. 
The evidence suggests that these are two molecular species of the same 
enzyme; the heavy-component being an aggregate of 4 molecules of the 
light one. 
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3. On the basis of the flavin content of the enzyme (0.66 per cent ex- 
pressed as riboflavin phosphate) and other data, it appears that the light 
component contains 2 molecules of flavin, whereas the heavy one contains 


4. From the parallelism between the ability to oxidize l-amino acids and 
l-a-hydroxy acids, it is concluded that the flavoprotein which has been 


isolated possesses both these catalytic activities. 
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Examination of l-Amino Acid Oxidase by Electrophoresis and the 
‘ltracentrifuge 


By DAN H. MOORE 


(From the Electrophoresis Laboratory, College of Physicians and Surgeons, 
Columbia University, New York) 


The preparation was examined electrophoretically in 0.02 m sodium 
phosphate buffer of pH 7.4, which was 0.15 m with respect to sodium 
chloride, and found to be essentially homogeneous. The electrophoresis 
pattern of the purified preparation is shown in Fig. A. When examined in 
the same solvent in the ultracentrifuge, however, two components appeared, 
a heavier fraction constituting about 60 per cent of the total protein 
(Sx = 13.5) and a lighter fraction having Sx» = 5.0. <A trace of heavier 
material (S99 = 18) appears in the pattern (Fig. B). 

In order to obtain more information about the molecular weight of the 
components and to determine whether enzymatic activity was associated 
with one or both molecular species, a 30 cc. portion was centrifuged in eight 
tubes at 48,000 r.p.m. for 45 minutes. At the speed selected, most of the 
heavy component and only a small fraction of the light one would besedi- 
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mented in 45 minutes. 22 cc. of the supernatant were carefully removed. 
This supernatant was richer in the lighter fraction, whereas the pellet and 
the concentrated fluid at the bottom of the tubes contained a higher propor. 
tion of the heavy fractions than the original. This general procedure wag 
repeated three times, whereupon the supernatant was found to contain 
less than 5 per cent of the heavy fraction when reexamined in the analytical 
ultracentrifuge. The pellets from the first of the above centrifugations 
were analyzed for enzymatic activity. It was found that the separated 
light fraction and the redissolved pellets (enriched in heavy fraction) con- 
tained the same enzymatic activity per weight of protein. 


A B 


Fia. A. Electrophoresis pattern of /-amino acid oxidase. Left, ascending; right, 
descending. Buffer, 0.02 m sodium phosphate in 0.15 m sodium chloride, pH 7.4. 

Fra. B. Ultracentrifuge pattern of l-amino acid oxidase after 40 minutes at 48,00 
R.P.M. Protein concentration 0.4 per cent; solvent, same as for electrophoresis. 


The supernatant (heavy component-free) solution was allowed to diffuse 
in the Tiselius electrophoresis cell at 1°. The diffusion constant when 
corrected to 20° was calculated to be 4.0 K 1077 sq. cm. per second. As 
suming a partial specific volume of 0.75, a molecular weight of about 120,000 
was calculated. An accurate estimate of the diffusion constant of the 
heavy component cannot be made, owing to the impossibility of preparing 
a sample entirely free of the light component. The average diffusion rate 
(calculated from the width of the boundary pattern at the inflection point) 
of the original unseparated material was found to be 3.0 K 1077 sq. em. per 
second. This value is erroneously high owing to the presence of the light 
component and will result in an estimate of the molecular weight which 
is correspondingly low. With Do = 3.0 and Sx» = 13.5 a molecular weight 
of 430,000 was calculated. Since this value is admittedly low, it appears 
more probable that the heavy component is an aggregate of 4 molecules of 
the light component. 
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THE QUANTITATIVE DETERMINATION OF THYROXINE IN 
IODINATED CASEIN HAVING THYROIDAL ACTIVITY* 


By E. P. REINEKET anno C. W. TURNER 
(From the Department of Dairy Husbandry, University of Missouri, Columbia) 


anp GEORGE O. KOHLER, R. D. HOOVER, ann MARGARET B. BEEZLEY 
(From the Cerophyl Laboratories, Inc., Kansas City, Missouri) 


(Received for publication, July 5, 1945) 


As a result of recent investigations (reviewed by Reineke and Turner (1)) 
methods are now established whereby iodinated proteins possessing high 
thyroidal activity, as determined by biological assay, can be formed. The 
isolation of crystalline di/-thyroxine from iodinated casein subsequent to 
alkaline hydrolysis (2-4) and of the natural / isomer after hydrolysis with 
acid (5) provides good evidence that the active principle is actually thy- 
roxine. Because of serious questions as to the specificity, when applied to 
iodinated proteins, of the chemical methods for determining thyroxine in 
thyroid tissue it has been necessary to depend on biological methods for 
quantitative estimates of the potency of such preparations. 

The use of n-butanol for selective extraction of thyroxine from hydroly- 
sates of thyroid tissue was introduced by Leland and Foster (6). Blau (7) 
reported that more complete extraction of thyroxine was effected when the 
initial step was carried out in an aqueous acid medium instead of in the 
sodium hydroxide solution used in the original method. He also introduced 
an alkaline washing solution that provided a more favorable distribution 
ratio for removal of non-thyroxine iodine compounds from the n-butanol 
extract. In a second communication Blau (8) reported that the thyroxine 
could be extracted selectively from thyroid tissue after only 6 hours hy- 
drolysis in 8 per cent barium hydroxide, thus avoiding the losses encoun- 
tered during the longer hydrolysis with 2 N sodium hydroxide. 

In the present report the thyroxine values obtained on iodinated pro- 
teins by biological assay and by a chemical extraction procedure have been 
compared. While Blau’s original method appears not to be entirely specific 
for thyroxine when applied to iodinated proteins, a modification is intro- 
duced that yields values which compare very favorably with those obtained 
by biological assays. 


* Contribution from the Department of Dairy Husbandry, Missouri Agricultural 
Experiment Station, Journal Series, No. 982. 

t Present address, Department of Physiology and Pharmacology, Michigan 
State College, East Lansing, Michigan. 
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EXPERIMENTAL 


The first analyses were made ‘on a series of preparations described pre. 
viously by Reineke, Williamson, and Turner (9) in which the amount of 
iodine added during the iodination was increased progressively in the sue. 
cessive preparations. The procedure was similar to that described by 
Blau (8) except that a smaller portion of iodinated casein was taken for the 
final analysis because of its higher thyroxine content compared to that of 
thyroid tissue. 

Hydrolysis in 8 Per Cent Barium Hydroxide—1.0 gm. of iodinated casein, 
3.2 gm. of Ba(OH)2-8H.2O, and 2 ml. of n-butanol were mixed with 50 ml, 
of distilled water in a 125 ml. Erlenmeyer flask and boiled gently under a 
reflux on a hot-plate for 6 hours. The hydrolysates were transferred to 
volumetric flasks, acidified with dilute hydrochloric acid, and made up to 
100 ml. Aliquots containing 25 ml. of this hydrolysate were then extracted 
and analyzed for n-butanol-soluble iodine as in the Blau procedure. 

The assays on tadpoles, expressed as the percentage response produced by 
each preparation compared to a dl-thyroxine standard, are taken from the 
previous report (9). Since we have found that iodinated proteins con- 
sistently produce a greater effect on tadpoles than would be expected from 
their stimulation of metabolic rate in guinea pigs, the data on tadpoles are 
not believed to provide an absolute measure of thyroxine content. They 
do, however, indicate the relative thyroidal potency of each preparation 
compared to that of other members of the series. 

When compared with the tadpole assays (Fig. 1), the thyroxine values 
obtained by the chemical procedure designed for thyroid tissue follow the 
same general course on preparations of increasing iodine content until the 
point of optimum iodination or maximum thyroidal potency is reached. 
Thereafter, the analytical values show only a small decrease, whereas the 
biological assay indicates an abrupt decline in activity. The apparent 
thyroxine content ranged from 1.39 per cent in the least active to 3.0 per 
cent in the most active preparation of the series. 

Iodinated casein that was formed under the same conditions that were 
employed to prepare the product of the highest apparent thyroxine content 
in this series was used for the isolation of thyroxine (3). Metabolic assays 
on guinea pigs of the active acid-insoluble products obtained in the course 
of the isolation procedure indicated that the iodinated casein contained 
approximately 2 per cent thyroxine. 

With this in mind it seemed that the thyroxine content found in the pres 
ent instance was considerably too high. It seemed possible that the exces 
sive values might be due to incomplete hydrolysis, resulting in split- 
products that were soluble in n-butanol but that still retained some iodi- 
nated but non-thyroxine groups in peptide combination with the thyroxine. 
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Hydrolysis in 40 Per Cent Barium Hydroxide—In order to effect more 
extensive hydrolysis the same preparations that were used in the prelimi- 
nary investigations were hydrolyzed for 20 hours with 40 per cent barium 
hydroxide. The hydrolysates were then extracted with n-butanol, and 
the iodine content of the extracts was determined as before. 

In comparison with the original method (Fig. 1) the results obtained fol- 
lowing the more intensive hydrolysis are considerably lower throughout the 
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Fic. 1. Apparent thyroxine content of iodinated casein after hydrolysis in 8 and 
40 per cent barium hydroxide solution, compared with tadpole assay. 


range of iodination. They also show a decline in thyroxine content when 
the point of optimum iodination is exceeded that is in far better agreement 
with the biological assay, although still somewhat higher in this region than 
would be expected. Guinea pig assays check satisfactorily with the chemi- 
eal procedure over the entire range of progressive iodination (Table IV). 
The apparent discrepancy could be explained by postulating the formation, 
with excessive iodination, of linkages in the protein which the tadpole is 
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unable to metabolize. The value of 1.85 per cent thyroxine obtained fo, 
the product of greatest biological potency (Fig. 1) is about what would be 
expected in a preparation of this type from the previous fractionation 
data (3). 

Time Required for Hydrolysis in 40 Per Cent Barium Hydroxide—lod- 


nated casein samples taken from a preparation that yielded an apparent 


thyroxine value of 3.4 per cent when hydrolyzed as in Blau’s method were 
digested with 40 per cent barium hydroxide for periods of 4 to 28 hours and 
analyzed for apparent thyroxine content. The value of 3.11 per cent thy- 
roxine, obtained after hydrolysis for 4 hours, declined to 2.62 per cent in 
8 hours and thereafter did not change appreciably during the period up to 
28 hours (Table I). 


TaBLe I 


Effect of Various Periods of Hydrolysis in Barium Hydroxide Solution on Thyrorine 
Value Obtained on Iodinated Casein Preparation 


Time hydrolyzed Thyroxine | In Ba(OH): solution 
Ars. per cent | per cent 
4 3.11 | 
6 2.77 40 
8 2.62 40 
16 2.63 | 40 
20 2.70 40 
28 2.58 40 
6 3.43 8 


The n-butanol-soluble fraction obtained after 8 or more hours of hydroly- 
sis is very stable, as is shown by its ability to withstand long continued 
heating under the conditions employed. If all of the iodine in this portion 
is calculated as thyroxine, excellent agreement is found between the results 
thus obtained and the metabolic assay of either the fraction itself or the 
original iodinated casein, as will be shown later. 

In view of the foregoing a 20 hour hydrolysis in 40 per cent barium 
hydroxide was used in the subsequent analyses. 


Analytical Procedure 


H ydrolysis—Exactly 1.0 gm. of iodinated casein, 3.2 gm. of Ba(OH): 
8H.O, and 6.4 ml. of distilled water are placed in a 25 X 200 mm. test-tube. 
An air-cooled reflux condenser is attached, and the test-tube is placed in 
vigorously boiling water bath. When the barium hydroxide has dissolved, 
the contents of the tube are stirred well, care being taken to work any 
material adhering to the side walls down into the solution. The prepara 
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tion is then replaced in the boiling water bath, and the heating is continued 
for a total of 20 hours. 

The hydrolysate is mixed with 25 ml. of distilled water, and set aside 
for a few minutes to allow the coarse precipitate of barium salts to settle. 
The supernatant fluid is then decanted into a 100 ml. volumetric flask. 
The precipitate of barium salts remaining in the test-tube is decomposed 
by adding 2 ml. of n-butanol and exactly 5.0 ml. of 3.5 N hydrochloric acid, 
shaking, and warming slightly in a water bath to effect complete solution 
of the precipitate. The dissolved substance is transferred quantitatively 


to the volumetric flask, and distilled water is added to bring the volume 


up to 100 ml. 

Extraction—A 10 or 20 ml. aliquot of the well mixed hydrolysate, con- 
taining 2 to 4 mg. of thyroxine, is delivered into a separatory funnel, and 
3 drops of 0.5 per cent bromocresol green indicator solution are added. 
The solution is then titrated with 3.5 nN hydrochloric acid to a definitely 
yellow color. 

The thyroxine is extracted from the hydrolysate by shaking with 20 ml. 
of n-butanol. The butanol extract is purified in turn by shaking with an 
equal volume, and then with half the volume of 4 N sodium hydroxide solu- 
tion, containing 5 per cent sodium bicarbonate, as recommended by 
Blau (8). After each extraction the solutions should be left for an hour or 
longer to insure good separation before the:aqueous layer is drawn off. 

The purified n-butanol extract is filtered directly into a 100 ml. nickel 
crucible through a softly packed plug of glass wool that is placed in the 
stem of the separatory funnel. Finally the separatory funnel is rinsed 
with 5 ml. of n-butanol, which is drained through the glass wool into the 
crucible. The n-butanol is most conveniently removed by evaporation on 
a steam bath at atmospheric pressure, under a forced draft hood. 

The iodine content of the residue is determined by the method of Kendall 
as described by Harington (10). The per cent thyroxine in the sample is 
then estimated by multiplying the per cent iodine by 1.529. 

In principle the extraction is patterned closely after Blau’s method. A 
smaller sample of iodinated casein is required for analysis than in the case 
of thyroid substance, however, and the volume of n-butanol used for the 
extraction has been reduced sufficiently so that it can be handled easily in a 
100 ml. crucible. This permits evaporation of the solvent and alkaline 
fusion of the residue in the same container, thus avoiding the manipulations 
involved in vacuum distillation of the butyl aleohol. In practice we have 
found that a dozen determinations can easily be carried through at the 
same time by one operator. 

Recovery of Thyroxine by Extraction Procedure—Solutions of thyroxine 
alone and thyroxine plus diiodotyrosine in the amounts to be found in 
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iodinated casein samples containing 1.5 to 3.0 per cent thyroxine wer 
extracted by the procedure described. Additional samples, with caseip 
added, were carried through the entire hydrolysis and extraction procedures, 


Il 
Recovery of Thyroxine lodine by Extraction Procedure 


Amount of iodine taken | Found by analysis 


As thyroxine | As diiodotyrosine | lodine Calculated as thyroxine 


Extracted directly without hydrolysis 


me. | | me. cent recovery 

1.94 | | 1.91 | 98.3 
1.94 | 1.91 | 98.3 
1.94 9.27 | 1.95 | 100.5 
1.04 9.27 | 1.95 | 100.5 
3.88 | 3.78 | 97.3 
3.88 9.27 | 3.79 | 97.6 
3.88 9.27 3.82 | 98 .4 
9.27 | 3.83 | 98.7 

9.27 | 0.09 | 

| | ene | 
Average recovery, thyroxine | 97.9 
a with diiodotyrosine............. | 99.5 


20 hrs. hydrolysis in 40° Ba(OH).-8H.O, with 200 mg. casein added 


| 3.41 | 90.5 
3.88 | 9.27 | 3.56 | 91.6 
1.94 | 1.83 | 04.4 
1.94 | 4.64 | 1.85 95.4 
0.97 | | 0.91 94.3 
0.97 | 2.32 | 0.92 | 95.1 
9.27 | 0.13 | 
Average recovery, thyroxine alone........................... | 93.0 
with diiodotyrosine............ | 94.0 


As determined by Kendall’s method, the thyroxine contained 64.7 per 
cent and the diiodotyrosine 54.0 per cent iodine. The latter figure indi 
cates that the diiodotyrosine used was the dihydrate. | 

The recovery of thyroxine alone averaged 97.9 per cent (Table II). With 
added diiodotyrosine an average of 99.5 per cent of the thyroxine taken 
was accounted for. These recovery figures are very similar to those re 
ported by Blau (7) by use of a larger volume of n-butanol. 

As might be expected, some loss of thyroxine occurred when the heating 
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operation with 40 per cent barium hydroxide solution was continued for 
90 hours. The recovery of thyroxine alone averaged 93.0 per cent. In 
the presence of diiodotyrosine a recovery of 94.0 per cent was obtained. 

Diiodotyrosine has but a small effect on the thyroxine value obtained, as 
is shown by the close agreement in the percentage recovery of thyroxine 
whether determined in the presence or absence of added diiodotyrosine. 
If the amount of iodine recovered from diiodotyrosine alone is calculated 


- in terms of thyroxine, the error due to diiodotyrosine iodine in the usual 


analysis of iodinated casein is found to be +0.04 to +0.10 per cent. 

As a further check on this point, an iodinated casein preparation was 
hydrolyzed alone and*together with diiodotyrosine, and analyzed by the 
usual procedure. As is shown in Table III, the added diiodotyrosine did 
not increase the result of the thyroxine analysis, although when run alone 
the diiodotyrosine sample showed an apparent thyroxine content of 0.061 
per cent. 


TaBLe III 
Effect of Added Diiodotyrosine on Thyroxine Analysis of Iodinated Casein 
Sample taken 
Thyroxine found 
lodinated casein Diiodotyrosine iodine 
gm. me. per cent 
1.000 0 | 3.67 
1.000 18.8 | 3.62 
0 19.0 | 0.06 


As a check on the effectiveness of the n-butanol extraction of thyroxine 
from the acidified hydrolysate, analyses were carried out by use of a double 
extraction with n-butanol at this point. An increase of less than 1 per cent 
of the thyroxine present was obtained. 

Blau’s data (7) on the distribution ratio between thyroxine in n-butanol 
and the alkaline washing solution indicate the possibility of slight losses 
of thyroxine in extracting the n-butanol extract with alkali. Two iodinated 
casein samples were analyzed for thyroxine by the usual proeedure. The 
combined alkali extracts from each analysis were reextracted with 30 ml. 
of n-butanol and then washed with an equal volume and half the volume of 
4 nN sodium hydroxide containing 5 per cent sodium carbonate. The 
n-butanol extract was analyzed for iodine as usual. 

The two samples contained 3.69 and 3.10 per cent thyroxine as deter- 
mined by the first analysis. 0.14 and 0.12 per cent of additional thyroxine 
was obtained by reextraction; this would amount to 3.82 and 3.97 per cent 
of the original analyses. From these results it would appear that a second 
n-butanol extraction might be desirable if extreme accuracy is required. 
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606 THYROXINE IN IODINATED CASEIN 
The loss of thyroxine in the single extraction is partially offset, however, by 
the diiodotyrosine retained in the n-butanol extract (Table IT). 

With these results as a basis, the thyroxine content of a group of iodinated 
casein preparations was determined both by the chemical method and by 
biological assay in guinea pigs in order to establish the correlation between 
the two measures. 


Assay Procedure 


Guinea pigs weighing 600 to 1000 gm., kept in an air-conditioned room 
held at 25.5°, and fed a ration consisting of 60 per cent dehydrated cereal 
grass, 20 per cent crimped barley, and 20 per cent rolled oats were used 
for the assay. 

Groups of four healthy animals were used for each trial. On the Ist day 
of the assay period the animals were deprived of food and water for 4 hours. 
They were then weighed and the daily dosage for each guinea pig was cal- 
culated, based on the individual body weights and the chemically deter- 
mined thyroxine in the preparation. If no racemization was anticipated, 
an amount of iodinated casein sufficient to supply 5 to 6 y of thyroxine 
per 100 gm. of body weight was used. The preparation to be assayed was 
dissolved in a minimum amount of 0.1 N sodium hydroxide and was adminis- 
tered once daily by intraperitoneal injection over a period of 4 days. On 
the 5th day the feed was withheld for 4 hours, the animals were weighed, 
and the CO, output over a 1 hour period was determined gravimetrically by 
means of a modified Haldane respiration apparatus. The normal metabolic 
rate was established by running several hundred determinations on normal 
untreated guinea pigs. Under the conditions employed, the normal C0, 
output can be calculated by the equation, 


Gm. CO; per hr. = (0.001) body weight + 0.1 


The percentage increase in CO, output of the injected animals over the 
normal values, calculated by the formula, was determined. 

Standard response curves were established by injecting purified [- and 
dl-thyroxine from the same lots reported on previously (3, 5) (Fig. 2). 
In confirmation of the earlier reports (5, 11), l-thyroxine was found to be 
twice as active as the racemic mixture. 

The percentage increase in CO, output of the animals injected with the 
experimental preparations above the normal values as calculated by the 
formula was determined. This figure was translated into terms of [- or 
dl-thyroxine by means of the standard response curve (Fig. 2). 

Correlation between Results of Thyroxine Analysis and Biological Assay— 
The results obtained on a group of iodinated casein preparations by the 
chemical and biological assays are compared in Table IV. Each figure 
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represents the average response of four guinea pigs. Since the thyroxine 
in iodinated casein has been shown to occur in the / form (5), the values 
obtained in the biological assays were computed in terms of /-thyroxine. 
Preparations 1 to 6 represent data on miscellaneous samples, one of 
which was assayed biologically three different times. The data for Prepa- 
rations 7 to 15 were obtained on a series of samples that were prepared by 
using progressively increasing amounts of iodine, and under conditions 
somewhat different from those used for preparing the series shown in Fig. 1. 
No trend with varying degrees of iodination is observed in the per cent 


difference obtained, indicating a high degree of specificity for the chemical 
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e 


PERCENT INCREASE IN C 


FETHYROXINE INJECTED, Y PER 100 GMBODY WT. 


Fic. 2. Standard thyroxine reference curve. The open circles represent points ob- 
tained when twice the indicated quantity of dl-thyroxine was injected. 


method. The fifteen preparations analyzed showed an average thyroxine 
content of 2.79 per cent determined by biological assay and 3.04 per cent 
by chemical analysis. The tendency toward slightly lower results by the 
biological assay may be due to a difference in rate of absorption from the 
site of injection of the free thyroxine as an assay standard and the thy- 
roxine in the iodinated protein. The possibility remains, however, that 
non-thyroxine iodine may be causing the slightly higher results obtained 
with the chemical method. 

The data in Table V demonstrate a remarkable difference in absorption, 
depending upon the site of injection. In the last column the results are 
calculated as per cent absorption based on the chemical assay value as 100 
per cent. lodinated casein injected intraperitoneally was absorbed to the 
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extent of almost 95 per cent. When the same preparation was injected 
subcutaneously, less than half the metabolic response was obtained. Ip 
view of the short (5 day) assay period, it is probable that this difference 
is due to differences in the rate of absorption from the injection sites. It 
seems likely that the response by the two modes of administration would 
be equalized over longer periods of administration. 


TaBLe IV 
Data Demonstrating Correlation between Chemical and Biological Assay Methods for 
Thyroxine 
Preparation | Increase in 
atoms ua ieee 2 | per cent | per cent per cent | per cent 
1 223 | 24 | 20 |}; 
2 | 3.80 | 39 | -28 
6 |. 3.71 3.73 | -05 
6 | 161 | 3.73 | 
6 | 3.73 | —105 
9 | 5.51 | 201 | 2.8 | 2.90 2.00 | +7.8 
Weighted average oo | | 2.79 | 3.04 | —7.7 


* Estimated from the standard response curve for intraperitoneally injected 
l-thyroxine. 


Metabolic Assay of Iodinated Casein Hydrolysates—lodinated casein 
preparations that had been analyzed for thyroxine were hydrolyzed in 40 
per cent barium hydroxide solution by the usual method. The material 
extracted by n-butanol at two different stages in the chemical procedure 
was assayed by its metabolic stimulation of guinea pigs (Table VI). The 
results were calculated in terms of dl-thyroxine, since hydrolysis in barium 
hydroxide racemizes the thyroxine (3). The biological assays show ex- 
cellent agreement with the chemical analyses, indicating that the n-butanol 


= 
ay 
i 
> 

By 

4 

= 

2 

pe: 

q 

i 

woe 

% 

He 

¥ 

rad 

« 


s for 


nce 


REINEKE, TURNER, KOHLER, HOOVER, AND BEEZLEY 609 


extracts prepared according to the analytical procedure contain all of the 
thyroxine originally formed in the iodinated protein. Furthermore, all 
of the thyroidal activity of the original iodinated protein is accounted for 
by its thyroxine content as determined chemically. While these experi- 


TABLE V 


Comparison of Metabolic Effect of Iodinated Casein Administered Intraperitoneally 
and Subcutaneously 


Method of injection ~~ 
oS per cent | per cent per cent 
Intraperitoneal | 25.0 | 3.52 94.4 
1% | 25.1 | 3.54 | 94.9 
Subcutaneous | 6.5 | 0.74 | 20.0 
“ 13.0 | 1.63 | 43.7t 


* Ilodinated casein containing 3.73 per cent thyroxine by chemival analysis was 
injected in each case at the rate of 161 y per 100 gm. of body weight daily. 

t Based on the standard curve for intraperitoneally injected l-thyroxine. 

t The metabolism of one animal was high. 


TaBLe VI 


Data Showing Thyroxine Content of Samples of Iodinated Casein Carried through 
Different Stages of Chemical Assay Procedure 


| Thyroxine found 
| injected* outpu Chemical 
| |  Bioassayt Difference 
percent cen per cent per cent 
Acid n-butanol ex- 500 | 24.0 | 2.04 2.06 —1.0 
tract 3.88 +1.3 
Acid n-butanol ex- 360 | 2s | 2.76 3.00 —8.0 
tractafterwash-- 412 | 22.3 | 2.2 2.62 —13.0 
ing with alkali | 545 | 23.9 | 1.88 1.98 —5.1 
204 24.6 3.57 3.67 —2.7 


* The figures given indicate the amount of original iodinated casein represented. 
t Estimated from the standard response curve for intraperitoneally injected dl- 
thyroxine. 


ments do not wholly exclude the occurrence in iodinated proteins of an ac- 
tive compound other than thyroxine, such a compound, if present, would 
need to have a thyroidal activity per unit of iodine contained in it that is 
very = to that of thyroxine iodine, as measured by the guinea pig 
met é 
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The method proposed for the quantitative determination of thyroxine 
in iodinated protein differs from that of Blau (8) tor thyroid tissue prin. 
cipally in the use of a more intensive hydrolysis of the starting material, 
Reduction of the volumes of solution and final elimination of the n-butanol 
solvent at atmospheric pressure also simplify the final steps of the analysis, 
From the results obtained (Fig. 1 and Table I) it is clear that a vigorous 
hydrolysis is necessary to bring the material to a state where the thyroxine 
can be extracted selectively without the inclusion of other iodine com- 
pounds. It appears likely that this is due to the linkage of thyroxine with 
peptide fragments containing other iodinated amino acids which become 
soluble in n-butanol at an early stage in the hydrolysis. By the use of 
more concentrated barium hydroxide and a longer heating period, thyroxine 
is liberated as the free compound. 

Results in Table II indicate that free thyroxine can be recovered quanti- 
tatively by the extraction procedure used. The hydrolysis procedure 
applied to crystalline thyroxine results in a destruction of 6 to 7 per cent 
of the thyroxine taken. This high stability is probably due to the faet 
that thyroxine forms the insoluble barium salt under these conditions and 
thereafter is very resistant to chemical action. 

Comparison of the analytical values with results of the metabolic assays 
is facilitated by the fact that the iodinated proteins formed by our methods 
produce their physiological effects when given parenterally without previous 
hydrolysis (1, 9), and thus can be compared directly with injected thyroxine. 
By this means differences due to different degrees of absorption from the 
intestinal tract are avoided, though there is still a small discrepancy, prob- 
ably due to differences in the absorption of thyroxine and iodinated protein 
from the injection site (Tables IV and VI). 

The data presented also illustrate the high thyroxine content of iodinated 
casein that can be prepared by present methods. By proper control of the 
procedure iodinated casein containing 3 to 4 per cent of thyroxine, deter- 
mined either by chemical analysis or biological assay, can be produced 
simply and in large quantities. This is 20 to 30 times the thyroxine con- 
tent of U.S. P. thyroid. 


SUMMARY 


A method is presented for the determination of thyroxine in iodinated 
casein having thyroidal activity. The method is based upon hydrolysis 
of the iodinated casein with 40 per cent barium hydroxide solution, extrac 
tion of the thyroxine with n-butanol, and determination of the iodine con- 
tent of the purified extract. 

It was shown that thyroxine can be recovered quantitatively from known 
solutions by the extraction procedure. Hydrolysis of thyroxine with 40 per 
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cent barium hydroxide for 20 hours results in destruction of 6 to 7 per cent 
of the thyroxine taken. Dhiiodotyrosine was shown to have a negligible 
effect on the determination. 

Excellent agreement was found between the thyroxine analysis of 
jodinated casein samples prepared under a variety of conditions and the 
biological assay value determined by the metabolic stimulation produced by 
the same preparations when injected intraperitoneally in guinea pigs. 
n-Butanol extracts of iodinated casein prepared exactly as for the chemical 
method produced a metabolic effect that was fully opera to their 
thyroxine content determined chemically. 

From these results it is concluded that any non-thyroxine iodine com- 
pounds passing through the chemical procedure with thyroxine either do 
not comprise more than a small fraction of the total iodine measured, or 
they must produce a metabolic response in guinea pigs comparable to that 
produced by thyroxine. 

lodinated casein preparations that can now be formed contain from 3 to 4 
per cent of thyroxine, determined by either chemical analysis or biological 
assay. 
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THE EFFECT OF MANGANESE COMPOUNDS AND CERTAIN 
OTHER FACTORS ON THE FORMATION OF THYROXINE 
IN IODINATED CASEIN* 


By E. P. REINEKEf C. W. TURNER 
(From the Department of Dairy Husbandry, University of Missouri, Columbia) 
(Received for publication, July 5, 1945) 


In experiments conducted in our laboratory during recent years it has 
been found that the thyroidal activity of iodinated proteins is influenced 
markedly by the conditions employed during their preparation. In earlier 
communications it has been shown that when the protein is iodinated in a 
mildly alkaline sodium bicarbonate solution a product of surprisingly high 
thyroidal potency is obtained by limiting the addition of iodine to the 
amount required to substitute 2 atoms per molecule of tyrosine in the pro- 
tein (1, 2) and, secondly, by incubating the iodinated protein at the ele- 
vated temperature of 60-70° (3). It was also observed (3) that the forma- 
tion of active substance was apparently catalyzed by the metals in a brass 
stirrer that was used in making up part of the preparations. 

From our own experiments (1—3) as well as those of Ludwig and von Mut- 
zenbecher (4), Harington and Pitt Rivers (5), and Johnson and Tewkesbury 
(6) it was believed that the formation of thyroxine in an iodinated protein 
must be an oxidative process, involving the coupling of two diiodotyrosine 
radicals and elimination of one side chain. It thus seemed conceivable that 
the reaction might be expedited by use of the proper oxidative catalyst and 
maintenance of mildly oxidative conditions in the reaction medium. Evi- 
dence that this is true is provided by the experiments to be reported. 


EXPERIMENTAL 


Iodine was combined with the protein in an aqueous medium buffered 
with sodium bicarbonate by the same general procedure described pre- 
viously (1). Except in one group of preparations that was maintained at 
37° throughout, the iodination was conducted at 38-40°, followed by incu- 
bation at 70° for 18 to 20 hours. Factors such as the kind and amount of 
metallic compound added, the stirring speed, and the amount of iodine and 
bicarbonate used were varied, as will be indicated in presenting the results. 

The thyroxine content of the iodinated casein formed under the various 


* Contribution from the Department of Dairy Husbandry, Missouri Agricultural 
Experiment Station, Journal Series, No. 981. 
t Present address, Department of Physiology and Pharmacology, Michigan State 
College, East Lansing, Michigan. 
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conditions was determined by chemical analysis as described by Reineke 
et al. (7). 

Effect of Metallic Compounds and Agitation on Thyroxine Formation~ 
The previous results (3) suggested that certain metals or metallic com. 
pounds might act as catalysts for the formation of thyroxine in iodinated 
protein. With this in mind samples of iodinated casein were prepared in 
the presence of copper, copper sulfate, ceric sulfate, cerous sulfate, ferric 
oxide, and ferric sulfate, but they all contained either the same or a dimin- 
ished amount of thyroxine compared to the control preparations. Whena 
‘“‘eolloidal manganese dioxide’”’ solution prepared by the reduction of 
KMnO, with glucose (8) was added, however, there was a consistent in- 
crease in the thyroxine content of the resulting iodinated casein. It seemed 
likely that the soluticn used would contain a mixture of the various oxides 
of manganese. Therefore, the effect on the reaction of a number of oxides 
and also of manganese sulfate was tested. 

In all of the recent experiments on the formation of iodinated casein 
having thyroidal activity, the reaction mixture has been stirred vigorously 
throughout the procecure, although evidence that this is essential has not 
been reported. It seemed of interest, therefore, to determine what efiect 
the degree of agitation might have on the thyroxine content of the result- 
ing product. 

One group of preparations (Table I) was formed by iodinating the pro- 
teins of skim milk with minimum stirring throughout the process. Sodium 
bicarbonate was added at the rate of 5 gm. per 700 ml. of milk, and then 
powdered iodine was added slowly in an amount sufficient to provide 4.5 
atoms per mole of tyrosine in the protein (1). The temperature was 
maintained at 37° during the iodination and subsequent holding period of 18 
to 20 hours. For the remaining samples listed in Table I, 20 gm. of casein 
were suspended in 700 ml. of distilled water containing 5 gm. of sodium 
bicarbonate, and 3.7 gm. of powdered iodine were added by the usual pro- 
cedure at 38-40°. Small amounts of various manganese compounds were 
added to part of the preparations, either before or after the addition of 
iodine. The reaction mixtures were then incubated at 70°, with stirring 
as indicated in Table I, for 18 to 20 hours. 

It will be noted that at 37° and with very gentle stirring a product con- 
taining less than 0.3 per cent of thyroxine was formed. By increasing the 
incubation temperature to 70° and stirring vigorously, but without any 
added catalyst, the thyroxine formation was increased to an average of 
1.76 per cent in five preparations. 

The addition of 20 mg. of Mn;Q, caused only a slight increase to 1.% 
per cent thyroxine when the stirring motors were adjusted to only 300 R.P.M. 
However, the thyroxine content of the iodinated protein increased to aa 
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average of 2.88 per cent when Mn;Q, was added and stirring was main- 
tained at 600 xr.p.m. The amount of Mn;O, added, within the range of 10 
to 40 mg. per sample, appears to have no effect on the result. 


Taste 


Effect of Incubation Temperature, Manganese Compounds, and Amount of Agitation on 
Formation of Thyroxine in lodinated Protein 


Catalyst Stirring 


Thyroxine content Average 


Series I. Skim milk proteins iodinated and incubated at 37° 


| per cent per cent 
None Very gentle 0.33 | 
0.26 | 
am 0.29 
Series II. Casein iodinated at 38-40°, incubated at 70° 
None 300 | 1.67 | 
600 1.73 
“ 600 | 1.80 | 
600 | 1.75 | 
“ 600 | 1.84 | 1.76 
Mn;O, 300 | 1.94 | 
” 300 | 1.99 1.96 
as 600 | 2.72 | 
" 600 2.93 | 
600 3.03 | 
“ 600 2.78 | 
o | 600 | 2.80 | 
3 | 600 | 3.04 | 2.88 
Oxides from reduction of | 600 | 2.97 
a 600 | 2.60 2.84 
MnO. | 600 2.16 
3 600 2.19 2.17 
Mn,O,; 600 2.26 
600 2.33 2.30 
MnsSO, | 600 2.00 
1" 600 2.13 2.07 


Results practically identical to those obtained by the addition of Mn;O, 
were observed by use of the oxides formed by the reduction of KMnQ,. 
Small, but consistent, increases in thyroxine content over that of the con- 
trol preparations were obtained by the addition of MnOs, Mn:,O3;, and 
MnSOQ,. The latter compounds thus appear to be less effective than the 
first two in promoting the formation of thyroxine, but it seems possible 
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tea that this may be explained by failure to use the most effective concentra. 
iz tion of these substances. 

| | The fact that MnSQ, as well as the various oxides of manganese caused 
some increase in thyroxine formation indicates that the manganese jop 
tig itself is the important factor in catalyzing the reaction. Increased thy. 
i roxine formation was observed whether the manganese compound wag 
tie added before the iodination or immediately preceding the incubation period, 
Ee Effect of Manganese Oxide and Increasing Bicarbonate and Iodine Con. 
centration on Thyroxine Formation in Iodinated Casein—Farlier experi- 
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Fic. 1. The effect of progressive iodination in the presence of excess bicarbonate 
and Mn;0O, on the thyroxine content of iodinated casein. 


ments (1, 2, 7) indicated the critical nature of the amount of iodine used 
in limiting the amount of thyroxine formed under the prescribed conditions. 
In the initial report (1) it was observed that when the iodine input was 
increased progressively in preparations buffered with a constant amount of 
sodium bicarbonate the final pH of the solutions declined in samples that 
were iodinated excessively, owing to depletion of the buffer capacity of the 
solutions by hydriodic acid that is formed as a side product in the reaction. 
Thus, it seemed possible that this decline in pH, if carried below the opt 
mum level for the formation of thyroxine, might become a limiting factor. 
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As a further check on this point, two series of iodinated casein prepara- 
tions were made up by the procedure employed previously (2) except that 
the sodium bicarbonate added was increased proportionately with the 
jodine in successive preparations. In all cases, sodium bicarbonate equiva- 
lent to 1.35 times the weight of the iodine to be used was added before 
jodination was begun. Under these conditions the pH of all of the solu- 
tions was maintained within the range of approximately 8.0 to 8.5 through- 
out the process. No catalyst was added to the control preparations 
(Series I). In Series II, 20 mg. of Mn;O, were added to each preparation 
before iodination was begun. The stirring motors were adjusted to 
600 R.P.M. in all samples. 

Under the previous conditions (1, 2) maximum thyroidal activity was 
obtained when 4.5 to 5 atoms of iodine were added per mole of tyrosinein 
the protein. With the reaction adjusted as described, however, thyroxine 
formation continued to increase (Fig. 1) until slightly more than 7 atoms 
of iodine had been added. In the presence of Mn;QO, (Series II), maximum 
thyroxine formation occurred with the addition of 6 atoms of iodine per 
mole of tyrosine. By addition of the catalyst, thyroxine formation at the 
optimum iodination level was increased from 2.28 to 3.37 per cent. With 
excessive iodination there was a significant decline in thyroxine formation, 
but to a smaller extent than was observed under the conditions used 
formerly. The Mn;Q, had no significant effect on the total iodine content 
of the preparations, as is shown in the upper part of Fig. 1. 


DISCUSSION 


The bulk of the evidence now available indicates that the formation of 
thyroxine in a protein is brought about first by iodination of the tyrosine. 
Under the proper conditions 2 molecules of the diiodotyrosine thus formed 
are oxidatively coupled with the elimination of one side chain to form 
thyroxine. Assuming the tyrosine content of casein to be 5.65 per cent (1), 
the theoretical yield of thyroxine would be 10.6 per cent. The maximum 
thyroxine content of 3.37 per cent observed in the data reported (Fig. 1) 
constitutes slightly more than 30 per cent of the theoretical conversion. 
In instances in which proper attention has been given to all of the factors 
now known to influence this reaction, iodinated casein containing 4 per 
cent or more of thyroxine has been prepared (7). 

The mechanism first proposed by Johnson and Tewkesbury (6) and 
elaborated further by Harington (9) provides a plausible theoretical back- 
ground for the formation of thyroxine by oxidative coupling of the diiodo- 


tyrosine formed during iodination of the protein. It has been necessary 


to determine the optimum conditions for the reaction by experimentation, 
however. It was suggested (6, 9) that the coupling reaction is brought 
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iia 618 THYROXINE IN IODINATED CASEIN 
i about by the oxidative action of iodine. The fact that some extra iodine 
‘3. above that required for substitution of 2 atoms per mole of tyrosine ig 
iat required for maximum thyroxine formation is in line with this idea. The 
if amount of excess iodine that can be used appears to depend on the pH of 
ria the medium. Under the conditions used formerly (1-3) the iodine was 
i limited to approximately 4 to 5 atoms per mole of tyrosine. In solutions 
containing a greater excess of bicarbonate more iodine can be added before 
more extensive action, resulting in losses of activity, takes place. 

The fact that greatly increased thyroxine formation occurs in prepara- 
tions incubated at 60—70° (3) after iodination at 38—40° suggests that during 
| the iodination the principal reaction is that of substituting iodine in 
tyrosine and that the coupling reaction occurs in large part during the 
is incubation step. 

: | Kohler and Hoover' have found that the formation of thyroxine in 

> iodinated casein is diminished markedly if the iodination and incubation 
te processes are carried out under nitrogen. When the iodination only was 
f= conducted under nitrogen and the reaction mixture was then aerated vigor- 
. ously during the incubation period, a large increase in the thyroxine content 
of the iodinated casein was observed. The increase in thyroxine formation 
| with vigorous agitation, as noted in the present report (Table I), is believed 
, to be brought about by the oxidative action of the atmospheric oxygen that 
is whipped continuously into the reaction mixture. This view is verified 
| by further experiments by the authors on the direct formation of thyroxine 
-. from diiodotyrosine (unpublished). If diiodotyrosine is incubated under 
conditions similar to those established for iodinated casein, only traces of 
thyroxine are formed if the solution is left undisturbed. Large increases 
in thyroxine formation are brought about by stirring the solutions vigor- 
ously in contact with air,-or by bubbling air through them. 

Manganese will accelerate the reaction only in the presence of oxygen. 
It thus appears to act as an oxvgen carrier for the oxidative coupling reac- 
tion that is involved. 

The role of manganese in catalyzing the formation of thyroxine in iodi- 
nated proteins in vitro is of special interest biologically in view of the finding 
of Ray and Deysach (10) that the thyroid has a special capacity for the 
storage of manganese and, further, that the injection of traces of this com- 
pound causes an increase in the oxygen consumption of guinea pigs. 

This together with the data reported in the present paper suggests that 
manganese may act catalytically in vivo as well as in vitro in promoting the 
formation of thyroxine in the thyroid gland. 


1 Kohler, G. O., and Hoover, R. D., Cerophyl Laboratories, Inc., Kansas City, 
Missouri, personal communication. 


: 
2 


| 
t 
| 
| 
| 
| 
Bq 
H 
ny 


5 5a 


E. P. REINEKE AND C. W. TURNER 619 


SUMMARY 


The effect of a number of factors on the formation of thyroxine in iodi- 
nated casein, as determined by chemical analysis, is reported. 

It is shown that, subsequent to the iodination of the protein, the amount 
of thyroxine formed is increased markedly by increasing the incubation 
temperature to 70° and agitating the solution very vigorously. The prin- 
cipal effect of agitation is believed to be the incorporation of atmospheric 
oxygen, which then brings about oxidative coupling of 2 molecules of di- 
jodotyrosine withm the protein to form thyroxine. 

The formation of thyroxine is shown to be catalyzed by a series of Mn 
compounds, including MnSO,, Mn3O0,4, MnO», and the oxides of 
Mn obtained by the reduction of KMnQO, by glucose. Best results were 
obtained with the latter compounds and with Mn,Qx,. 

From these results, together with the reported capacity of the thyroid 
for storing manganese, it is suggested that manganese may act catalytically 
in vivo as well as in vitro in promoting the oxidative formation of thyroxine 
in the thyroid gland. 

It is also shown that, by the use of a larger excess of sodium bicarbonate 
than was employed in the earlier experiments, a larger amount of iodine 
can be added to the protein before a decline in thyroxine formation takes 
place. The thyroxine formation at the point of optimum iodination is 
greater than that observed under the former conditions. 
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A DIRECT METHOD FOR DETERMINATION OF OXYGEN AND 
CARBON DIOXIDE TENSIONS IN BLOOD* 


By RICHARD L. RILEY,t DOROTHY D. PROEMMEL,f? anp 
RUTH E. FRANKE$ 
(From the Naval School of Aviation Medicine, United States Naval Air Training Bases, 
Pensacola) 


(Received for publication, August 31, 1945) 


Although satisfactory techniques for the determination of oxygen and 
carbon dioxide contents of blood have long been available, methods for 
the determination of gas tensions have been less satisfactory and, in the 
case of the most frequently used procedures, indirect ((1) pp. 174, 298). 
The direct methods ((1) p. 309; (2-7)) depend upon the equilibration of 
a bubble of gas with blood at 37° and analysis of the bubble for carbon 
dioxide and oxygen. 

In the method to be described the technical problems inherent in the 
direct approach are minimized by the use of an instrument recently devised 
by Roughton and Scholander for micro gasometric analyses (8). The 
Roughton-Scholander (R-S) syringe, consisting of a syringe to which a 
calibrated capillary tube has been fused, is used both as equilibration 
chamber and bubble analyzer. 


EXPERIMENTAL 


The accuracy of the bubble technique was determined by comparing 
tensions thus obtained with those obtained by a tonometer technique. 
Blood was equilibrated at 37° with a large volume of gas in a tonometer, 
and, after drawing off the blood the tensions of carbon dioxide and oxygen in 
the gas in the tonometer were determined by analysis in the Haldane appara- 
tus. Simultaneously the tensions of carbon dioxide and oxygen in the blood 
withdrawn from the tonometer were determined by the bubble method. 
The gas tensions in the tonometer were considered the standard of accuracy 
and any discrepancy between these results and those of the bubble analysis 
was considered to indicate inaccuracy in the bubble method. 

The accuracy of determinations of tension on arterial blood drawn at 
altitude and analyzed at sea-level was estimated by experiments performed 


* The opinions or assertions contained herein are the private ones of the writers 
and are not to be construed as official or reflecting the views of the Navy Department 
or the naval service at large. 
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622 GAS TENSIONS IN BLOOD 


in the low pressure chamber at altitudes between 7700 and 14,200 feet, 
Alveolar air samples were taken before and during the blood sampling 
and were analyzed immediately for oxygen by an almost instantaneous 
physical method (tensimeter). The oxygen tension of the chamber air 
was likewise determined to give an accurate estimate of equivalent altitude, 
Gas tensions and oxyhemoglobin saturations of the blood drawn at altitude 
were determined at sea-level. With these data it was possible to compare 
the determined values for alveolar oxygen tension and arterial oxygen 
tension under conditions of moderate anoxia. It was also possible to 
compare both the arterial carbon dioxide and the arterial oxygen tensions 
with the average alveolar tensions found by Helmholz ef al. (9) at the 
corresponding equivalent altitude. Furthermore, with determined values 
for both oxygen tension and oxygen saturation of the blood, it was possible 
to plot a point on the oxygen dissociation curve. In this preliminary 
work the pH was not determined, but a rough comparison was made with 
standard dissociation curves (10). Together these comparisons provided 
a reasonable basis for evaluating the accuracy of the blood gas tension 
technique as applied to blood drawn at altitude. 

The rate of change in oxygen and carbon dioxide tensions in freshly 
drawn arterial blood containing 0.01 to 0.02 per cent sodium fluoride 
was measured by performing determinations at specified intervals. 


Bubble Method for Determination of Blood Gas Tension 


Materials and Reagents— 

1. Two Roughton-Scholander syringes (30 unit or, preferably, 50 unit 
capillary). 

2. Heparin solution (Lederle), 20 per cent, and sodium fluoride, 4 
per cent, in physiological saline solution. 1 drop for each 4 ml. of blood 
provides a concentration of sodium fluoride in blood of 0.05 per cent. 

3. Needle with a rubber adapter (described in the text). 

4. Toothpick swabs (cotton). 

5. Alveolar air bag (a rubber bag from a sphygmomanometer cuff, 
with a pinch-clamp on one outlet tube and a hypodermic needle in the 
other). 

6. Water bath (37°) with a rotating device. 

7. Interval timer. 

8. Syringes, one of 10 ml. capacity for the blood sample, three of 5 ml., 
with 21 gage needles, for the saline solution, the sodium hydroxide solution, 
and the alkaline hydrosulfite solution, and two of 2 ml., with hypodermic 
needles, for the mercury and ‘‘waste.”’ 

9. Stock solution of sodium chloride, 0.9 per cent. 

10. Stock solution of sodium hydroxide, 4.0 per cent. 
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11. Alkaline hydrosulfite solution (Na.S.0,). Make up fresh daily as 
follows: To 0.5 gm. of sodium hydrosulfite add 2.5 ml. of 5.6 per cent 
(1.0 x) KOH solution. Stir briefly, filter immediately through cotton, 
and draw into a 5 ml. syringe. Expel the air bubbles. 


Procedure 


Preparation of R-S Syringe—The R-S syringe is cleaned by rinsing first 
with water, then with 0.1 N lactic acid, and finally with physio- 
logical saline solution. The metal clip on the syringe is so adjusted that a 
definite though slight resistance is offered to motion of the plunger. 

Elimination of Air from Dead Space in Syringe and Capillary—About 
0.1 ml. of mercury and a little saline solution are drawn into the barrel 
of the syringe. ‘The syringe is held in the upright position so that the 
mercury rests on top of the plunger and saline solution fills in around the 
mercury meniscus. The plunger is completely advanced, pushing out 
all air bubbles and leaving the capillary and cup filled with mercury and 
a trace of saline solution. Saline solution and mercury are withdrawn 
from the top until the cup is left about half full of mercury. 

Sampling of Blood Anaerolncally—1 drop of heparin-fluoride solution 


for each 4 ml. of blood is introduced into a sampling syringe and a few _ 


small drops of mercury are added to aid in mixing. The dead space in 
the syringe is eliminated and the desired amount of arterial or venous 
blood introduced with care to avoid sucking in air bubbles. The syringe 
is immediately rotated. 

Filling R-S Syringe—A needle with a rubber adapter permitting a snug 
fit into the cup of the R-S syringe? is attached to the syringe containing 
the blood sample. A little blood is introduced into the cup of the R-S 
syringe so that it forms a layer on top of the mercury and fills the cup 
without trapping air bubbles. The needle is then advanced into the cup 
until the rubber adapter makes a tight seal. Both syringes are now held 
in the vertical position with the sampling syringe inverted and the R-S 
syringe upright. By pressing on the plunger of the sampling syringe, 
the R-S syringe is filled to the 1 ml. mark under pressure. The R-S syringe 
should always be examined to make sure that no air bubbles are present. 


' For the determinations reported in this paper a phosphate buffer solution (pH 7.3) 
was used in place of physiological saline. There is no necessity for this refinement in 
technique provided syringes are carefully cleaned and kept uncontaminated with 
acid or alkaline reagents. 

* Such an adapter can be made by pushing a No. 23 needle through a solid piece of 
rubber stopper until the rubber abuts against the base of the needle. The size of the 
piece of rubber should be so chosen that the tip of the needle projects about 1 cm. 
The rubber can be whittled down with scissors until it has a conical taper permitting 
4 snug fit into the cup of the R-S syringe. 
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624 GAS TENSIONS IN BLOOD 


Admission of Alveolar Air Bubble—A small rubber bag, such as the bag 
in the inflatable cuff of a sphygmomanometer, is used for storing alveolar 
air. One of the two rubber outlet tubes is fitted over the base of a hypo- 
dermic needle, and the other is closed with a pinch-clamp. The operator 
fills the bag in advance with his own alveolar air, so that he can liberate 
a fine jet through the needle as needed by squeezing the bag. 

The cup of the R-S syringe is emptied with the “‘waste”’ syringe. Care 
is taken to prevent the formation of small bubbles in the blood at the 
junction of the capillary and the cup of the R-S syringe. The tip of the 
alveolar air needle is placed near the bottom of the cup and the bag 
squeezed, thus flushing the cup with alveolar air. Simultaneously the plun- 
ger of the R-S syringe is withdrawn until the desired amount of alveolar air 
» has been introduced into the capillary (25 units for an expected pOs of 
60 mm. of Hg or higher, 35 units for an expected pO, of 40 to 60 mm. of 
Hg, 45 units for an expected pOsz of less than 40 mm. of Hg).*? The cup 
is then half filled with blood from the sampling syringe, and, with the 
R-S syringe in the upright position, the measured bubble is drawn into 
the barrel of the syringe. The syringe is then turned to the horizontal 
position so that the bubble can float freely away from the capillary.4 The 
capillary is left full of blood but the cup is left at least partially empty, 
so that air will separate the blood from the water of the 37° bath. 

Equilibration—The syringe now contains 1 ml. of “blood, an dlveolar 
air bubble, and a little mercury, Equilibration is accomplished by rotating 
the R-S syringe in a 37° water bath for 7 minutes. To insure good mixing 
it is desirable to have lengthwise as well as rotary motion of the mercury 
and the bubble. This can be accomplished by rotating the syringe on 
a truncated conical block. 

Ejection of Mercury and Most of Blood—The R-S syringe is removed 
from the rotating device and instantly inserted into a 100 ml. cylinder 
containing water at 37°.5 Since the syringe is inverted, the mercury and 
most of the blood can be expelled into the cylinder without losing the bub- 
ble. When about 0.1 ml. of blood remains, the syringe is momentarily 
removed from the water bath and turned to the upright position. The 
bubble is slowly and smoothly advanced into the capillary during the next 
few seconds. Half the blood in the cup is then quickly sucked out and 
the syringe is replaced in the water bath, cup end first. In this way, 


3 These specific quantities apply only when the capillary bore is 0.5 mm. See the 
discussion and Table IV. 

‘ When this technique is properly performed, there is no tendency for the bubble 
to break up and there is therefore no need to use caprylic alcohol to reduce surface 
tension. Caprylic alcohol is, in fact, contraindicated, because it interferes with the 
drainage of blood from the capillary wall in the subsequent bubble anelyes. 

5 This cylinder is submerged in the 37° water bath. 
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air is trapped in the cup, and maintains a separation between blood and 
water. The syringe is laid horizontally on a tray about 2 inches below 
the surface of the water. 

Bubble Analysis—The volume of the bubble, Vi, is read against a white 
background with the syringe held in the horizontal position and just below 
the surface of the water in the 37° bath. The bubble length is estimated 
to 0.1 unit. 

The syringe is then taken out of the water. All gross blood is removed 
from the cup with the ‘‘waste”’ syringe and the cup is filled with saline 
solution. ‘This solution is drawn into the capillary as far as the 50 unit 
mark,® thus diluting and washing down the blood in the capillary. The 
remaining saline solution in the cup is removed and the cup filled with 
4.0 per cent sodium hydroxide solution. With the R-S syringe in the 
upright position the alkali is slowly drawn down until its upper meniscus 
enters the capillary and falls to the 50 unit mark. The blood in the barrel 
of the syringe now forms a lower layer and the bubble floats above in a 
clear layer of alkali solution. By advancing the plunger of the syringe 
slowly, the analyst now pushes the bubble back into the capillary with 
care to obtain good drainage. The syringe is replaced on the tray in the 
37° water bath, and, after a brief period for temperature equalization, 
the second reading is taken. V> represents the volume of the bubble after 
CO, absorption. 

The R-S syringe is again removed from the water bath and the cup is 
sucked empty with the “waste” syringe. The cup is then filled with 
alkaline hydrosulfite solution, and this is slowly drawn down with the 
R-S syringe in the upright position, until the upper meniscus of the hydro- 
sulfite enters the capillary and reaches the 50 unit mark. The bubble 
is slowly pushed back into the capillary, the syringe is replaced in the 
37° water bath, and V;, representing bubble volume after O, absorption, 

is read. 


Calculations— 
V, — V; 
% CO: = 
Mm. CO; = % CO, X (barometric pressure — 47) 
— Vs 
% Or = 


Mm. O, = % O, X (barometric pressure — 47) 


Empirical correction factors, based on a comparison of results by the 
bubble method with those by the tonometer method, may be used to 
give increased accuracy. 


* For 30 unit syringes read the 30 unit mark. 
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In this laboratory the results tabulated in Table I have led to the use 
of +2 mm. as the correttion factor for pCO. and —3 mm. as the ‘om 
for pO.. Individuals learning the technique should if possible establish 
their own correction factors on the basis of tonometric standards. 

Technique of Performing Simultaneous Duplicaie Analyses—Duplicate 
analyses can be performed simultaneously by one person if one R-S syringe 
is manipulated while the other rests in the water bath. Both syringes 
are rotated together for the 7 minute equilibration but the various stages 
of the subsequent bubble analysis are performed alternately on one syringe 
and then the other. The time required is but slightly greater than fora 
single analysis. 

In all instances simultaneous duplicate analyses are performed, and 
checks of 0.8 per cent (6 mm. of Hg) or better are required for both oxygen 
and carbon dioxide. 


Tonometer Technique 


Tonometer Equiltbration—Tonometers were prepared by introducing 
a gas mixture with tensions in the physiological range. 5 ml. of blood were 
then introduced and the tonometer rotated in a water bath at 37° for 
at least 20 minutes. Atmospheric pressure was maintained by opening 
the stop-cock momentarily after 5 minutes and again after 10 minutes. 

Removal of Blood from Tonometer—In preparation for the withdrawal 
of blood from the tonometer the needle with the tapered rubber adapter 
described above was attached to a 10 ml. syringe, and all air was displaced 
from the syringe and needle with mercury and saline solution. At 
the end of the equilibration period the tonometer was removed from the 
rotating device and held in the vertical position in the water bath until 
drainage was virtually complete. It was then removed from the water 
and the needle immediately pushed into the bore of the glass tubing at 
the lower end of the tonometer until the rubber adapter made a tight seal. 
The tonometer stop-cock was first opened to the side arm, so that the 
dead space could be filled with mercury, and then opened to the body of 
the tonometer. The blood was withdrawn, and the gas in the tonometer 
was immediately put under positive pressure by introducing mercury 
from a leveling bulb. 

Analysis of Gas in Tonometer—Standard techniques for sampling and 
analyzing gases in the Haldane apparatus were used. The percentages 
of carbon dioxide and oxygen in the gas in the tonometer were determined 
in duplicate, and checks of 0.08 per cent or better were required. 

Determination by Bubble Method of Gas Tensions in Blood from Tonom- 
eter—Immediately after withdrawal from the tonometer, the blood was 
introduced into a pair of R-S syringes, and carbon dioxide and oxygea 
tensions were determined by the bubble technique described above. 
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Results 
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Twenty-three comparisons were made between determinations of tensions 
by the bubble method and by the tonometer method. On one occasion 


duplicate bubble analyses failed to check each other. 


TABLE I[ 


The results of 


Comparison of Bubble Method with Tonometer Method in Determination of Gas Tensions 
in Identical Blood Samples 


Carbon dioxide Oxygen 
Experi- Bubble s Bubble 
ment No. = | Differ- Tono-| Differ- 
Aver- cace meter} ence 
age Average 
per cent = "We "le mm. Hg per cent per cent "He "He mm. He 
1 5.6,5.2 | 5.4 39 | 42 —3 14.9, 14.7 | 14.8 106 | 106 0 
2 66,66 47 49° —2 11.9,11.9 | 11.9 85 | 78 +7 
3 5.3,5.9)5.6 40) 43 —3 13.7, 13.7 | 13.7 98 | 95 +3 
4 4.6,5.0 | 4.8 | 34) 35 —1 5.4, 5.3 5.35 | 38 | 36 +2 
5 3.5, 4.1 | 3.8 27 | 27 0 4.9, 5.0 4.95 35 32 +3 
6 5.6,5.5 | 5.55 40 | 41 —] 6.1, 6.0 6.05 | 43} 38 +5 
7 3.9, 3.9 | 3.9 28 | 32 —4 15.3, 15.6 | 15.45 | 111 } 111 0 
8 6.6,6.2 | 6.4 46 | 50 —4 10.0,10.3 | 10.15 73 71 +2 
9 4.6,4.3 | 4.45 | 32 | 36 —4 8.4, 8.9 8.65 | 62! 51; +11* 
10 3.5, 3.4 | 3.45 | 25 | 33 —§ 8.2, 8.0 8.1 58 47 +11* 
11 6.4, 6.4 | 6.4 46 | 48 —2 12.6,12.8 | 12.7 91 88 +3 
12 4.6,4.2 | 4.4 32 | 34 —2 6.6, 7.0 6.8 49 47 +2 
13 3.6,3.9 | 3.75 | 27 | 28 —] 8.5, 8.7 8.6 62 53 +9* 
14 3.8,4.6 | 4.2 30 | 34 —4 9.6, 9.2 9.4 67 61 +6 
15 8.3,8.5 | 8.4 60 | 50 +10* 3.6, 3.7 3.65 26 24 +2 
16 4.1,4.9 | 4.5 32 | 33 —1 8.5, 9.1 8.8 63 55 +8 
17 5.6, 5.7 | 5.65 | 41 | 45 —4 13.0,12.5 | 12.75 | 92) 87 +5 
18 4.9,5.2 | 5.05 | 36 | 40 —4 8.6, 8.8 8.7 62 52 +10* 
19 6.2,6.0 6.1 | 44 | 42 +2 8.1, 7.3 7.7 55 | 52 +3 
20 4.9,4.6 | 4.75 | 34 | 34 0 7.4, 7.7 7.55 54 51 +3 
21 5.7,6.0 | 5.85 | 42 | 43 3.2, 33 3.25 | 23 | 22 +1 
22 5.7,5.7 | 5.7 | 41 | 43 —2 12.5,12.8 , 12.65; 91) 8&7 +4 
Average......... —2.3 +3.3. 


* Not used in calculation of the average differences. 


the remaining twenty-two consecutive experiments are summarized in 


Table I and Figs. 1 and 2. 


One carbon dioxide determination was grossly in error, probably due 
to a unit error in reading the capillary calibrations. This determination 
has been omitted in calculating the average differences between results 
of the two methods. Four oxygen determinations were omitted in cal- 
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OE TERMINATIONS 


eN 


TONOMETER METHOD MMHG 


TONOME TER METHOO MMHG 
e 


Fia. 2 


-_ culating the average differences. All these four were in the 45 to 55 mmg 
— | range by Haldane analysis, and the errors probably resulted from the uj 
§ of too large bubbles during equilibration.’ 


7 Accurate results have since been obtained in this tension range with bubl 
chosen strictly in accord with Table IV. 
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In most instances the method is accurate to +3 mm. of Hg for both 
carbon dioxide and oxygen. 

In Table II arterial oxygen tensions are compared to alveolar oxygen 
tensions under conditions of moderate anoxia (a simulated altitude of 7700 
to 14,200 feet). The subjects were not adequately trained in giving 
alveolar samples, and there was a considerable spread in alveolar oxygen 
tensions as determined. The oxygen tensions in alveolar air and arterial 
blood fell in the same range, however. There was also a satisfactory 
correspondence between the arterial carbon dioxide and oxygen tensions 
and the average alveolar tensions found by Boothby at equivalent altitudes. 


TABLE II 


Gas Tensions in Arterial Blood Drawn at Altitude (Low Pressure Chamber) ; Correlation 
with Alveolar Air and Oxyhemoglobin Saturation 


Os tension CO: tension | 
Low Equiva- HbO: 
ber, pO» Booth- Arterial Booth Arterial 
y 
mm. ft. mm. mm. mm. Hg mm. per ceni 
Gem 117 7,700 | 67 | 61(+3, —3) Before | 59 36 | «33 
68 During 
65 After 
Fra 110 9,300 | 61 57(+3,—5) | Before | 67 36 31 87 
56 During 
Hil 95 | 13,000; 48 | 47(+8, —3) | Before 49 35 34 85 
45 During 
Bea 95 | 13,000} 48 | 45(+7, —1) | Before 44 35 30 76 
59 | During 
Pro 90 | 14,200] 45 | 48(+6,—4), Before | 51 | 34 | 28 | 79 
45 During 


* From Helmholz, Bateman, and Boothby (9). 
t Average tensions obtained before, during, and after sampling of the arterial 
blood. 


In no instance was the discrepancy beyond the range of variation among 
normal subjects. In the four instances in which the arterial oxyhemo- 
globin saturation was determined, points were plotted on the oxygen 
dissociation curve. Two of the four points fell close to the pH 7.4 curve. 
The other two points were somewhat to the right of the standard curve, 
possibly due to erroneously high values for arterial oxygen tension.* 

In Table III the rate of change in carbon dioxide and oxygen tensions 
in shed blood containing 0.01 to 0.02 per cent sodium fluoride is shown 


* The bubbles used were too large, and oxygen transfer may have raised the tension 
of the blood by as much as 3 or 4 mm. of Hg. 
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for twelve carefully timed experiments. Carbon dioxide tensions usually 
increased after 4 hour, probably because the blood was treated with ap 


TaBLeE III 


Rate of Change in Oxygen and Carbon Dioxide Tensions in Shed Blood Containing 
0.01 to 0.02 Per Cent Sodium Fluoride 


Subject Time* Temperature pCOrz 


4 
2 
3 
3 
2 


Ril 
j 


a: | 24 | 42 104 
| 24 42 99 

a Pro | 24 32 103 
| 24 36 95 


z= Lilt 24 37 103 


sé tT 24 


Lil 


* The time in minutes refers to the interval between the sampling of the blood and 
the beginning of the bubble equilibration. : 

t The samples were taken during carbon monoxide experiments. The blood com 
tained 3.6 volumes per cent of carbon monoxide. The extremely rapid rate of decline 
in oxygen tension in the second sample was unique and remains unexplained. 


insufficient quantity of sodium fluoride. Oxygen tensions in the higher 
ranges dropped several mm. after } hour at room temperature, and this 


* Subsequent work has shown that, when the concentration of sodium fluoride in 
blood is 0.05 per cent, the carbon dioxide tensions remain virtually constant. 


‘ 


| 24 37 110 
: 24 | 40 97 
38 102 
: | | 38 | 74 
z | 43 | 67 
Fug | 33 98 | 
: | | 40 | 88 | 
Lil | | | | | 
Pau | | | 23 | 82 
| | 26 79 
Din 36 61 
| 38 52 
Lil | | 50 19 
49 | 21 
| | 55 19 
56 21 
Ril 47 21 
7 | 49 23 
47 51 
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tendency persisted when the blood was chilled. In the lower ranges 
of oxygen tension the rate of change was much slower. 
DISCUSSION 

Bubble Characteristics—lf the oxygen tension of blood is to be determined 
by allowing the sample to equilibrate with a bubble of air, the transfer 
of gases which takes place in the process of attaining equilibrium must 
cause no significant alteration in the oxygen tension of the sample.  In- 
evitably some slight alteration will occur, and, for any given oxygen 
tension, there is a definite and predictable amount of oxygen which can 
be added to or taken from a 1 ml. blood sample without causing the oxygen 
tension of the sample to change by more than 1 mm. of Hg. If this amount 
is first estimated, it is then possible to define the characteristics of a bubble 
which, in coming to equilibrium, will neither add to nor take away from 
the blood more than this amount. 

From a standard oxygen dissociation curve it can be seen that in the 
20 mm. of Hg tension range a change in tension of 1 mm. of Hg involves 
a 2.5 per cent change in saturation; in the 60 mm. of Hg range it involves 
a 0.4 per cent change; and in the 100 mm. of Hg range it involves only a 
0.1 percent change. ‘The addition of 0.2 ¢.mm. of oxygen to 1 ml. of blood 
whose oxygen capacity is 20 volumes per cent will raise the oxygen satu- 
ration by 0.1 per cent. In coming to equilibrium with blood at 100 mm., 
therefore, the bubble must exchange not over 0.2 ¢.mm. of oxygen with 
the blood. 

If the analyst collects an alveolar air sample whose oxygen tension is 
100 + 20 mm. of Hg and if the oxygen tension of the blood is 100 mm. of 
Hg, then the tension of the bubble at the start of equilibration will not 
differ from that of the blood by more than 20 mm. During equilibration 
the oxygen tension of the bubble will change by a maximum of 20 mm.., 
corresponding to an oxygen transfer of 20/713 or 2.8 per cent of the total 
bubble volume. Therefore, 2.8 per cent of the bubble volume must not 
exceed 0.2 c.mm., and the total bubble volume must not exceed 7.1 ¢.mm. 
This, then, is the largest bubble which can be used to equilibrate with a 
1 ml. sample of blood in the 100 mm. of Hg oxygen tension range, when 
the oxygen tension of the bubble at the start of equilibration is within 
20 mm. of that of blood, without causing an alteration in the blood oxygen 
tension of more than 1 mm. of Hg. 

- 7.1 ¢.mm. correspond to 18 R-S capillary units when the capillary bore 
is 0.5 mm. (1 unit = 2 mm.). A bubble this size provides a bubble to 
blood volume ratio of 1:141. 

Bubble characteristics for blood oxygen tensions throughout the entire 

physiological range are presented in Table IV. The choice of bubble 
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size to use in any given blood oxygen tension range varies with the capillary 
bore of the R-S syringe. It is undesirable to use bubbles which are leg 
than 25 units long, because the reading errors with such small bubbles 
become more significant than the errors due to oxygen transfer when g 


25 unit bubble is used. Since 50 unit capillaries are the longest available 
at present, it is not possible to use bubbles which are larger than this evep 
though, as indicated in Table IV, there would be no theoretical objections 


in the lower tension ranges. 
Time Required for Equilibration—The time required for gaseous equilibria 


to reach completion depends upon the tension gradient between gas and 


TABLE IV 
Bubble Characteristics 4 


The maximum change in oxygen tension of a 1 ml. blood sample = 1 mm. of Hg, | 
The oxygen capacity of blood was assumed to be 20 volumes per cent; the oxygen 
tension of the alveolar air bubble, 120 mm. of Hg at the start of equilibration, 


Blood | Bubble 

Bubbl in 

u volume 

tion change | Qpreauired | 
1 mm. Hg tension transferred Capillary bore® 

Hg tension change | 

change | 0.4mm. 0.5mm. 0.6mm. 
| 
mm. | per cent | c.mm. | c.mm | 

80 28 | 1S 11 1:141 
60 | 0.4 | 38 | 24 14 1:105 
08 14.3 | 57 | 36 22 | 1:70 
400 | 13 | 2.6 | 11.2 23.2 | 93 |; 658 35 1:43 
20 | 2.5 | 5.0 | 14.0 35.7 148 | 89 4 1:28 


*For a 0.4 mm. bore, 100 R-S units (Roughton-Scholander syringe) equal 3 
e.mm.; fora 0.5 mm. bore, 40 ¢.mm.; for a 0.6 mm. bore, 66 ¢c.mm. 


blood, upon the specific characteristics of the gas, and upon whether or 
not a chemical combination takes place tending to speed the equilibrium 
to completion. We have found empirically that a 7 minute equilibration 
period is adequate for carbon dioxide and oxygen. 

Nitrogen Tensions—The gas which contributes the largest proportion 
of the total tension in blood, as in air, is nitrogen. While the nitrogen 
tension of an alveolar air bubble is essentially the same as that of arterial 
blood, it is higher than that of venous blood and much higher than that 
of blood drawn at altitude. When a considerable difference in nitroget 
tensions exists between the bubble and blood at the start of a determination, 
nitrogen equilibration may not reach completion in 7 minutes. (Serial 
measurements show that the bubble is still shrinking.) After 5 or6 
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minutes, however, the rate at which nitrogen moves from the bubble to 
the blood is so slow that carbon dioxide and oxygen equilibria are not 
significantly disturbed. 


SUMMARY 


1. A direct method for the determination of carbon dioxide and oxygen 
tensions in blood is described. 

2. The method depends upon the equilibration of a bubble of gas with 
blood at 37° and the analvsis of the bubble for carbon dioxide and oxygen. 

3. The Roughton-Scholander syringe (preferably with a 50 unit capillary ) 
is used both as the equilibration chamber and bubble analyzer, thus elim- 
inating the necessity for transfer of the bubble. 

4. At sea-level, the accuracy of the technique was tested by comparison 
of results with those of a tonometer technique. The results agreed within 
3 mm. of Hg in nineteen out of twenty-two cases for carbon dioxide and 
in sixteen out of twenty-two cases for oxygen. 

5. At simulated altitudes of 7700 to 14,200 feet (low pressure chamber), 
the accuracy of the technique was evaluated by comparing arterial tensions 
with alveolar tensions. The agreement between simultaneously deter- 
mined arterial and alveolar oxygen tensions was good. The agreement 
was also good between determined oxygen and carbon dioxide tensions 
in arterial blood and average alveolar tensions found by Helmholz and 
coworkers at equivalent altitudes. 

6. The carbon dioxide tension of shed blood containing 0.01 to 0.02 
per cent sodium fluoride usually increased after } hour, probably because 
the blood was treated with an insufficient quantity of sodium fluoride. 
The oxygen tension of arterial blood dropped several mm. after $ hour at 
room temperature, and this tendency persisted when the blood was chilled. 
The oxygen tension of chilled venous blood remained comparatively con- 
stant. 
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THE PROTEOLYTIC INHIBITING SUBSTANCE IN THE 
EXTRACT FROM UNHEATED SOY BEAN MEAL AND 
ITS EFFECT UPON GROWTH IN CHICKS* 


Br WENDELL E. HAM, R. M. SANDSTEDT, ano F. E. MUSSEHLT 


(From the Department of Agricultural Chemistry and the Department of Poultry Hus- 
bandry, Nebraska Agricultural Experiment Station, Lincoln) 


(Received for publication, September 4, 1945) 


The nutritional significance of enzymatic inhibitors which modify the 
action of enzymes acting in the digestive tract has not been heretofore 
studied, although the possibilities of such significance have been mentioned 
in some of the recent publications upon naturally occurring inhibitors (1-3). 
It has been suggested that they may be of importance in bacterial 
nutrition also (4, 5). 

It has been known for many years that the growth-promoting value of 
soy beans is greatly enhanced by heating (6). This increase in nutritional 
value of the heated soy beans was attributed by Hayward and Hafner (7) 
and by Almquist, Mecchi, Kratzer, and Grau (8) to the general raising of 
the level of the sulfur-bearing amino acids (cystine and methionine) by 
heat treatment. They have pointed out, however, that this amino acid 
deficiency may not have been the only limiting growth factor eliminated by 
autoclaving. It was also found by Almquist ef al. that supplemental 
methionine resulted in a stimulation of growth when fed with heated soy 
bean meal. 

The explanation that heat enhances the value of proteins is inconsistent 
with the generally accepted belief that elevated temperatures tend to lower 
the nutritional value of most proteins (9-11). In addition, Thayer and 
Mussehl' demonstrated that a growth-inhibiting property of raw soy beans 
was primarily due to a substance present in the raw soy beans which could 
be extracted with water, leaving a residue which compared favorably with 
autoclaved meal in nutritional value. It was likewise shown by them that 
the addition of methionine and cystine increased the nutritional value of 
both heated and unheated soy bean meal. 

Because of the similarity of properties of the growth-retarding factor 
extractable from unheated soy beans and the trypsin-inhibiting substance 
also found in these extracts, it appeared highly probable that the two were 
identical (3). 


* Published with the approval of the Director as paper No. 386, Journal Series, 
Nebraska Agricultural Experiment Station. 

t With the technical assistance of Clinton Koppes. 

' Thayer, R. H., and Mussehl, F. E., unpublished data from the Nebraska Depart- 
ment of Poultry Husbandry. 
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636 PROTEOLYTIC INHIBITOR FROM SOY BEAN 
: | 3 Studies were designed, therefore, to demonstrate whether partially pur. 
@ fied solutions of the proteolytic inhibitor would produce lowering of the rate 
ie of growth. Experiments were also designed to demonstrate the inhibition 
a of trypsin in vitro by the material found in the small intestines of chicks 
i which had been fed a ration composed of uncooked soy bean meal. 
3° Preparation of Inhibitor for Feeding Trials—Oil-free soy bean flake, pre. 
by pared with a minimum of heat treatment, was used as the material for 
| ; ; extraction.?, When heated soy bean meal was required, it was prepared by 
a autoclaving the raw flake for 45 minutes at 15 pounds pressure. The flake 
was finely ground before extraction. 


3000 gm. of the ground, unheated soy bean flake were added to 15 liters of 
water containing sufficient acid (114 ml. of concentrated hydrochloric acid) 
to bring the final mixture to pH 4.2, which is the isoelectric point of most of 
the soy bean proteins (12). Extraction was carried out overnight in the | 
| ae cold (4°), after which the mixture was filtered through cloth and the filtrate 
i centrifuged with a Sharples supercentrifuge at 40,000 R.p.m. Only about} 
- to 7 per cent of the original soy bean protein remained in the final extract. 
The residue from the first extraction was reextracted to minimize loss of the 
soluble inhibitor. 

Precipitation of Inhibitor from Extracts—The proteolytic inhibiting sub- 
stance could be precipitated from the extracts, along with protein, by adding, 
enough acetone to make a 70 per cent solution. The inhibiting substance 
was dissolved from this precipitate with water. Further purification was ; 
accomplished by reprecipitation from 70 percent acetone. The matenal 
thus obtained was easily dissolved (or peptized) in water. The concentra 
tion of inhibitor in the second precipitate was from 8 to 10 times that found 
in the raw soy bean flake. Solutions of this second acetone precipitate were 
used in both feeding trials. 


Procedure 


a Feeding Trials—For each trial, thirty-two 2 week-old single comb white 
Leghorn chicks of uniform size and vigor were selected and placed in ind: 
vidual heated batteries. The chicks were divided into two groups of sixteen 
birds. Each chick was fed and weighed individually and a feed consump 
tion record was kept for each bird. The feeding methods described by 
Ackerson, Blish, and Mussehl (13) were employed. Weights were taken a 
about 3 day intervals during the trials. The feeding expériments wer 


i continued for 15 days. 
_— In Trial I the basal ration consisted of a mixed feed in which 50 per cent 
: s | of the protein was furnished by autoclaved soy bean meal (23 per cent of the 
Sl ration). In Trial II all of the protein supplement was of animal orig 


2 Prepared under the direction of J. W. Hayward by the Archer-Daniels-Midlané 
Company, Minneapolis, Minnesota. 
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i.e., meat scraps, fish meal, and dried buttermilk. The composition of the 
rations is given in Table I. 

The inhibitor was dissolved in water and the required aliquot carefully 
placed in the crop of each chick by means of a fast flowing pipette. The 
solutions were administered to the chicks three times daily at the time of 
each feeding. In Trial I the control chicks were given water instead of the 
inhibitor. In Trial II the controls were given a solution of the autoclaved 
inhibitor. Efficiency of gain as used in this paper is the total gain divided 
by the weight of the feed consumed. 


Composition of Basal Rations Used in Feeding Trials 


Trial I | Trial I 
per per cent 
Alfalfa meal (dehydrated)...................) 5.0 5.0 
Autoclaved soy bean meal.................. 23.0 
Fermentation by-product................... | 3.0 
Dried buttermilk......................... 5.0 
Sodium chloride (iodized)................... 1.0 1.0 
Manganese sulfate.......................... | 0.2 0.2 
Irradiated sterol shes blend, 200 units vitamin | 
D per gm.).. 1.0 1.0 
100.0 100.0 
Total protein of ration................... | 21.3 20.0 


To determine the effectiveness of the inhibiting substance on the trypsin 
of the chick intestinal tract the following procedure was used. Four 
4 week-old chicks (250 to 300 gm. in weight) which had been raised on a 
well balanced ration were given ad libitum only raw soy bean meal for a 
period of 4 days, whereas four others were given only autoclaved meal 
during the same period. The chicks were then killed and the contents of 
that portion of the intestines starting at a point just above the duct of the 
pancreas and ending at the juncture with the ceca were removed by washing. 
The suspension of intestinal contents thus obtained from each chick was 
diluted to a 50 ml. volume and an aliquot of 5 ml. used as the enzyme for 
digestion of 50 ml. of a 5 per cent casein substrate at pH 7.5. Proteolysis 
was determined by formol titration. 
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A 70 per cent acetone precipitate was also prepared from the water 


“extract of the intestinal contents of these chicks and its inhibitory effect 


determined upon a digest consisting of 4 per cent trypsin (Armour’s 1:75) 
acting on a 5 per cent casein substrate at pH 7.5. 
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Fic. 1. Effect of feeding the proteolytic inhibitor from unheated soy bean meal on , 


the growth rate of chicks fed a basal ration containing 23 per cent autoclaved soy bean 
meal. Curve A, received no inhibitor; Curve B, received 0.3 gm. of acetone-precipi- 
tated inhibitor three times daily. 

Fic. 2. Effect of feeding the proteolytic inhibitor from raw soy bean meal on 
the growth rate of chicks fed a basal ration containing supplemental protein of 
animal origin. Curve A, received 0.3 gm. of autoclaved acetone-precipitated in- 
hibitor three times daily; Curve B, received 0.3 gm. of unheated acetone-precipi- 


tated inhibitor three times daily. 


Results 


Feeding Trials—Figs. 1 and 2 show that chicks receiving the solution d 
prepared inhibitor exhibited a decreased gain compared to chicks receiving 
water or a solution of the inhibitor which had been inactivated by aute 


claving and administered in the same manner. 


The depression of growth 
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*% 
was found in the chicks receiving either the basal ration containing supple- 
mental protein composed entirely of autoclaved soy bean meal (Fig. 1) or 


Taste Il 
Average Gain and Efficiency of Gain for Groups of Chicks in Feeding Trials 
| 
AV otal | Total Gai Gai 
Tal Group No | com | | Gain 
om. | =. em. 

I | 1. Fed proteolytic inhibitor | 20.5 | 41 | 29.61 | 0.145 0.69 
2. Positive controls (water) | 47.1 |+ 164 | 34.44 0.287 1.37 
II | 1. Fed proteolytic inhibitor | 71.0 256 | 51.20, 0.277 | 1.39 
2. Positive controls (solution 112.0 306 61.20 | 0.366 1.83 


| of inactivated inhibitor) 


i i i 
HOURS DIGESTION 
Fie. 3 Fie. 4 


Fig. 3. Effect of feeding autoclaved versus raw soy bean meal on the proteolysis 
produced by the material obtained from the small intestine of chicks. The action of 
material from the intestines of four birds which were fed (Curve A) a diet of auto- 
claved soy bean meal, or (Curve B) a diet of raw soy bean meal. 

Fic. 4. Inhibition of proteolysis by means of the inhibitor precipitated from the 
intestinal contents of chicks which had been fed raw soy bean meal. Comparison of 
tryptic digestion in the presence of precipitates obtained from the intestinal contents 


of chicks fed (Curve A) autoclaved soy bean meal or (Curve B) unheated soy bean 
meal, 


the one with no soy bean meal but supplemented by proteins from animal 
sources (Fig. 2). 


There was a difference, both in total gain and in the 
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efficiency of gain between the controls on the two rations, the ration con- 
taining the high proportion of autoclaved soy bean protein possessing a 
lower growth-promoting value. On the high soy bean diet, the chicks given 
the solution of inhibitor showed an efficiency of gain of 0.145 gm. as com- 
pared with 0.287 gm. for the control chicks (Table II). In the case of the 
ration containing supplemental protein of animal origin, the efficiency of 
gain of chicks receiving an equivalent amount of inhibitor was 0.277 gm. 
as compared to 0.366 gm. for the controls. 

Effectiveness of Inhibitor upon Proteolysis in Vitro—That the proteolytic 
inhibitor had a pronounced effect on the proteolysis occurring in the chick 
intestinal tract is indicated by the data presented in Fig. 3. The curves 
represent the proteolysis produced by the intestinal contents from individ- 
ual birds, four of which had been fed a diet of raw soy bean meal and four a 
diet of autoclaved soy bean meal for a period of 4 days. It is evident that 
the proteolytic activity of the intestinal contents of the chicks was lowered 
by the diet of unheated soy bean meal. 

Precipitation of Proteolytic Inhibitor from Intestinal Contents—The pro- 
teolytic inhibiting substance could be precipitated by 70 per cent acetone 
from extracts of the intestinal contents taken from the chicks receiving the 
diet of uncooked soy bean meal. As shown in Fig. 4, solutions of this 
acetone precipitate decreased the rate of proteolysis produced by trypsin. 


DISCUSSION 


The effect of inhibiting the digestion of protein and the consequent 
limitation upon growth would be expected to be dependent upon the level 
of protein fed. If the quantity of inhibitor present is below that required 
for maximum inhibition, the quantity should determine the efficiency of 
protein digestion and utilization. Inasmuch as the total proteolytic digest 
is only retarded, with a constant amount of inhibitor present the level of 
protein fed should also influence the amount of protein digested and. 
accordingly should affect the growth rate. 

It will be noted from the data presented in Figs. 1 and 2 that there was 
considerable difference in the rate of gain of the chicks in the two feeding - 
trials. The growth of the chicks receiving the diet containing the high level ° 
of soy bean protein, even when autoclaved, was far below the growth ob- 
tained with the diet containing protein known to be adequate. Some of 
this difference may have been due to palatability, as shown by the feed 
consumption data (Table II). However, large differences were also shown - 
in the efficiency of gain of the chicks in the two trials. 

When a high proportion of soy bean meal was fed (50 per cent of total 
protein), chicks given the solution of inhibitor showed a rate of gain whieh 
was only 50 per cent of that for the controls. Chicks given an equivalent 
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amount of the inhibitor but receiving a protein supplement composed of 
more complete proteins made a rate of gain which was 70 per cent of that 
of the controls. This difference indicates that the type and quality of the 
protein fed modified the effect of the proteolytic inhibitor upon growth and, 
conversely, that the effects of deficiencies in the proteins of the diet may be 
intensified by the presence of proteolytic inhibitors. 

Since the amino acid level and composition of a protein, in itself, may be 
a limiting factor as to its nutritional adequacy and therefore its growth- 
promoting value, in the case of a protein which contains a slight suboptimal 
level of one or more essential amino acids, the available level of the amino 
acids may be decreased by inhibition of proteolysis to the point where they 
become definite amino acid deficiencies; in fact, the first amino acid or 
acids which fell below requirement levels because of the lack of digestion 
would become the limiting factors upon growth. By this reasoning, me- 
thionine, which is suboptimal even in heated soy bean protein (6) (in which 
the proteolytic inhibitor has been inactivated) should appear as a limiting 
growth factor in any comparison between heated and unheated soy beans. 
It is probable that the growth response which supplemental methionine 
gives with heated soy bean meal represents the true growth stimulation due 
to methionine enrichment of the soy bean protein, while the much greater 
effect of supplemental methionine with the unheated meal is due both to the 
actual suboptimal quantity of the amino acid and to the decreased avail- 
ability of that which is present in the meal. 

The demonstration that enzyme inhibitors occurring in natural food- 
stuffs may cause deficiencies in rations which in themselves are adequate 
opens another field in nutritional research. It is obvious that substances 
which prevent complete digestion, either of proteins or of carbohydrates, 
may cause deficiencies even though the diet may be nutritionally complete. 
Enzymatic inhibitors similar to the trypsin inhibitor found in soy beans 
and the amylase inhibitors found in some of the cereals are probably present 
in other natural products. Nutritionally, others of these may be of con- 
siderable importance. The need for considering this possibility in studying 
the efficiency of rations is indicated. 


SUMMARY 


1. The proteolytic inhibiting substanee present in unheated soy bean 
meal had a retarding effect upon the growth of chicks when given with either 
a ration containing autoclaved soy bean meal or one containing a supple- 
ment composed of nutritionally adequate proteins from animal sources. 

2. The proteolytic inhibitor had a greater effect on growth when fed with 
& ration supplemented with soy bean protein than when fed with a diet 
supplemented with more complete animal proteins. 
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3. When the contents of the small intestines of chicks receiving a diet of 
raw soy bean meal were used as the enzyme on a substrate of 5 per cent 
casein (pH 7.5), proteolytic action was greatly retarded, compared to the 
action of the intestinal contents from chicks receiving a diet of autoclaved 
soy bean meal. 

4. It was possible to precipitate the proteolytic inhibiting substance from 
water extracts of the intestinal contents of chicks that had been fed un- 
cooked soy bean meal. 

5. An explanation is given for the apparent greater methionine deficiency 
of raw soy bean meal as compared to autoclaved meal. 
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INVESTIGATIONS OF AMINO ACIDS, PEPTIDES, AND 
PROTEINS 


XXIII. THE DETERMINATION OF PHENYLALANINE IN PROTEIN 
HYDROLYSATES WITH LEUCONOSTOC MESENTEROIDES 
P-60 AND LACTOBACILLUS CASEI* 


By MAX 8S. DUNN, 8S. SHANKMAN, anno MERRILL N. CAMIEN 
(From the Chemical Laboratory, University of California, Los Angeles) 


(Received for publication, July 26, 1945) 


During the past 2 years microbiological procedures! have been reported 
for the determination in proteins of thirteen of the twenty-one amino acids 
which occur in protein materials. Seven amino acids (isoleucine, glutamic 
acid, methionine, leucine, phenylalanine, tryptophane, and valine) have 
been determined with Lactobacillus arabinosus 17-5, three (arginine, 
tyrosine, and valine) with Lactobacillus casei, two (histidine and lysine) 
with Leuconostoc mesenteroides P-60, two (aspartic acid and serine) with 
Lactobacillus delbriickit (4), and one (tryptophane) with Eberthella typhosa 
T-63 (5). Comparable methods (unpublished) have been developed 
in the authors’ laboratory for the determination of cystine, glycine, and 
threonine. It is possible, therefore, to determine microbiologically all 
of the accepted amino acids except alanine, proline, hydroxyproline, 3 ,5- 
diiodotyrosine, and thyroxine. 

It has been shown, previously, that phenylalanine? is essential for the 
growth of Clostridium sporogenes (7), Corynebacterium diphtheriae (8), 
Streptococcus hemolyticus (9), Lactobacillus mannitopoeus (10), Lactobacillus 
buchneri (10), Lactobacillus lycopersici (10), Lactobacillus delbriickii (11), Lac- 
tobacillus arabinosus 17-5 (12—16), Lactobacillus casei (3, 17), and Leuconostoc 
mesenteroides P-60 (18). Although Hegsted (15) has asshyed phenylalanine 
with Lactobacillus arabinosus 17-5, the present studies were undertaken 


* For Paper XXII in this series see Camien et al. (1). This work was aided by 
grants from the Gelatin Products Company, Merck and Company, Inc., the Nutrition 
- Foundation, Inc., Schering and Glatz, and the University of California. The 
authors are indebted to H. Block, W. Frankl, B. Merrifield, and L. B. Rockland for 
valuable suggestions and technical assistance. 

1 Literature references have been given by Dunn et al. (2). According to Baum- 
garten et al. (3) cystine, glutamic acid, isoleucine, leucine, threonine, tryptophane, 
and valine can be determined with Lactobacillus arabinosus and arginine, glutamic 
acid, isoleucine, leucine, phenylalanine, serine, tryptophane, tyrosine, and valine 
with Lactobacillus casei. 

? It is of interest that Kidder and Dewey (6) have shown recently that phenylala- 
nine is essential for the growth of the ciliated_protozoan, Tetrahymena geleii W. 
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because it appeared that the values reported for phenylalanine and other 
amino acids in casein and other proteins were less accurate than those 
obtained for the amino acids determined by analogous published methods, 
The determination of phenylalanine in protein hydrolysates with Lacto- 
bacillus caser and Leuconostoc mesenteroides P-60 is described in the present 


paper. 
EXPERIMENTAL 


The assay technique described in previous publications from this labora- 
tory was employed in the present experiments. Separate solutions of 
basal media, amino acid test mixtures, protein hydrolysates, standard 
amino acid, sodium chloride, and inocula were delivered to 4 inch test- 
tubes with the aid of an automatic pipette (Baltimore Biological Company 
instrument). The total volume in each case was 3 ml. All of the solutions 
were adjusted to the same concentration of sodium chloride to compensate 
for any stimulatory or inhibitory salt effects. ‘The standard (phenylal- 
anine) was run at eight levels (0 to 16 y), the amino acid test mixtures and 
protein hydrolysates were run at five levels, and from five to six tubes 
were employed at each level of sample and from eight to twelve tubes 
at each level of standard. By using numbers of tubes more nearly sta- 
tistically significant than those usually employed, intrinsic errors inherent 
in microbiological procedures were compensated and assay values of rela- 
tively high accuracy were obtained. It was found as satisfactory to 
titrate the mixture of solutions from five or more tubes at a particular level 
of sample as to titrate the individual solutions and calculate the average 
titration value. 

A basal medium essentially of the composition shown in Paper XVIII 
(18) (Medium D, Table I, with phenylalanine omitted) was employed for 
the assay of phenylalanine with Leuconostoc mesenteroides P-60. This 
basal medium was modified to contain 1.3 and 2 times the amounts of 
the amino acids given in the table, since it was found from experiments 
on multiple amino acid media that the quantity of acid produced at any 
given concentration of phenylalanine was nearly constant at both levels 
of total amino acids. — 

The basal medium utilized for the determination of phenylalanine with 
Lactobacillus casei was essentially the same as that originally described 
by Hutchings and Peterson (12) and that employed previously (17) in the 
authors’ laboratory for the assay of phenylalanine and other amino acids 
in an amino acid test mixture. The composition of this medium modified 
for use in the present experiments was dl-alanine 200 mg., natural asparagine 
200 mg., l(+)-arginine monohydrochloride 200 mg., /(+)-glutamie acid 
200 mg., J(—)-histidine monohydrochloride monohydrate 200 mg., dl- 
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isoleucine 200 mg., /(—)-leucine 200 mg., /(+)-lysine monohydrochloride Fe 
200 mg., d/-methionine 200 mg., di-threonine 200 mg., /(—)-tryptophane 
200 mg., /(—)-tyrosine 200 mg., dl-valine 200 mg., l(—)-cysteine hy- 
drochloride 275 mg., dl-serine 300 mg., and folic acid 6 y per liter of solution. 
An equivalent amount of cysteine hydrochloride was substituted for cystine 


TABLE I 


* The composition of the test mixture simulating casein was the same as that given 
in Paper XVII (20) except that the mixture contained 2.83 per cent of l(—)-phenyl- 
alanine (as dl-phenylalanine). The basal medium X 2 and 5 days incubation time 
at 35° were employed with Leuconostoc mesenteroides and 3 days incubation time at 
35° was employed with Lactobacillus casei. 

t Five replicate tubes at each level of sample. 

t An average of 4.78 y of phenylalanine was found per ml. of amino acid test mix- 
ture. The average mean deviation from the mean at the different levels was 0.9 
percent. The percentage of phenylalanine recovered in the assay was 100. The 
following percentages of phenylalanine were recovered in analogous experiments: 


Results of Assays of Phenylalanine in Amino Acid Test Mixture 1* me : 
Leuconostoc mesenteroides | Lactobacillus casei | 4 

tube | | | | 
Ranget | Averagé Per tube _ Ranget Average Per tube 

$4.4 | 3.40-3.75 | 3.56 | 2.36 | 4.7 3.51-3.70 3.60 | 2.38 | 4.76 : f b> 
168.8 | 5.07-5.46 = 5.27 4.75 4.75 | 4.92-5.15 5.03 | 4.60 | 4.60 ae 
253.2 | 6.64-7.00 6.81 7.30. | 4.86 | 5.95-6.39 | 6.20 | 7.00 | 4.67 
337.6 | 7.82-8.33 | 8.14 9.50 | 4.7 6.97-7.19 | 7.05 | 9.25 | 4.62 eS 
422.0 | 9.20-9.74 | 9.42 12.00 | 4.80 | 7.69-7.78 | 7.74 [11.62 | 4.67 


100 and 100 (basal medium X 1.3, 4 days incubation), 101 and 108 (basal medium 4 
X 1.3, 5 days incubation), 102 and 101 (basal medium X 2, 4 days incubation), and 100 ft 
(basal medium X 2, 5 days incubation). af 
§ An average of 4.67 y of phenylalanine was found per ml. of amino acid test mix- - 
ture. The average mean deviation from the mean at the different levels was 0.9 i. 
per cent. The percentage of phenylalanine recovered was 98. The recovery of - [ 
phenylalanine in an analogous experiment was 105 per cent. if , 
because of the low solubility of the latter amino acid. The amounts ag 
of serine and folic acid were increased, because the need for larger quanti- . 
ties of these constituents was shown in unpublished experiments. Am- .. 


amino acids) were the same as those give in Medium D, Table I, of Paper 
XVIII (18). 

It was shown in a series of experiments with Lactobacillus casei and 
Leuconostoc mesenteroides P-60 that dl-phenylalanine had 50 per cent of 


monium chloride was omitted and the remaining constituents (except o 
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the activity of 1(—)-phenylalanine. The mean deviations from the theo- 
retical response of di-phenylalanine were +2.6 per cent at fourteen con- 
centrations (0 to 30 y) with Leuconostoc mesenteroides and +3.0 per cent 
at twelve concentrations (0 to 50 y) with Lactobacillus casei. The 


Taste II 


Results of Assays of Phenylalanine in Amino Acid Test Mixture 2* 


Leuconostoc mesenteroides Lactobacillus casei 

tube 
Ranget Average Per tube Ranget Average | Per tube| 

98.4 64.28 4.47 4.37 | 2.46 12.35 4.30-4.50 4.438 2.49 | 12.45 
196.8 6.20-6.48 6.34 4.97 12.42 5.60-5.78 | 12.18 
295.2 | 7.89- 8.09 | 8.01 | 7.34 | 12.23 6.40-6.71 | 6.55 7.20 | 12.00 
393.6 9.30- 9.79 9.50 | 9.79 12.24 6.98-7.34 7.17 9.44 11.80 
492.0 10.71-11.09 10.90 | 12.19 12.19 7.55-8.00 | 7.79 12.00 12.00 


* Test Mixture 2 cont:ined 100 mg. per 100 ml. of each of the amino acids listed in 
Test Mixture 1 except that the mixture contained 2.44 per cent of 1/(— )-phenylalanine 
(as dl-phenylalanine). The basal medium Xx 2 and 5 days incubation at 35° were 
employed with Leuconostoc mesenteroides and 3 days incubation at 35° was employed 
with Lactobacillus casei. 

t Six replicate tubes at each level of sample. 

t An average of 12.28 y of phenylalanine was found per ml. of amino acid test 
mixture. The average mean deviation from the mean at the different levels was 0.49 
per cent. The recovery of phenylalanine was 102.1 per cent. The recoveries of 
phenylalanine in analogous experiments with test mixtures containing lower per- 
centages of phenylalanine were 104 per cent (0.99 per cent of phenylalanine, basal 
medium X 2 and 5 days incubation time), 105 per cent (0.50 per cent phenylalanine, 
basal medium X 2 and 5 days incubation time), and 108 and 112 per cent (0.17 per 
cent phenylalanine, basal medium X 2 and 5 days incubation time). 

§ An average of 12.08 y of phenylalanine was found per ml. of amino acid test 
mixture. The average mean deviation from the mean at the different levels was 1.5 
per cent. The recovery of phenylalanine was 100.5 per cent. The recoveries of 
phenylalanine in analogous experiments with test mixtures containing lower per- 
centages of phenylalanine were 102 per cent (0.99 per cent phenylalanine), 106 per 
cent (0.50 per cent phenylalanine), and 117 and 120 per cent (0.17 per cent phenyl- 
alanine). 


1(—)-phenylalanine employed was prepared by Dr. A. Recsei in this 
laboratory by resolution of dl-phenylalanine according to the procedure 
of Fischer and Schoeller (19). Stokes and Gunness (16) reported in 
1944 that only the natural antipode of phenylalanine is active in 
promoting growth of Lactobacillus caset. 
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The casein, the silk fibroin, and the hydrolysis procedure were the same 
as those described earlier (20). The experimental data are given in Tables 
I to VII. 

DISCUSSION 

It has been found that phenvlalanine could be determined most accur- 

ately by incubating Leuconostoc mesenteroides P-60 for 5 days at 35° in a 


Taste III 
Results of Assays of Phenylalanine in Amino Acid Test Mixture 3* 
| Leuconostoc mesenteroides Lactobacillus caset 
| Titration vol- Phenylalanine found?! Phenylalanine found§$ 

ume of 0.111 N - ume of 0.111 N 

 NaOHt Pertube Per ml.sample) NaOHt Per tube mil. sample 
250.7 7.19 2.44 4.88 {| 9.07 2.30 | 4.60 
501.5 9.80 4.72 4.72 11.25 | 
752.2 12.10 7.25 4.83 13.23 7.55 5.03 
1003 .0 13.92 9.49 4.75 15.02 | 10.06 | 5.02 
1253 .7 15.85 12.25 4.90 | 16.39 | 12.40 | 4.96 


* The composition of the test mixture simulating silk fibroin was the same as that 
given in Paper XIX (21), except that the mixture contained 0.96 per cent of I(—)- 
phenylalanine (as d/-phenylalanine). The basal medium X 2 and 4 days incubation 
at 35° were employed with Leuconostoc mesenteroides and 3 days incubation at 35° 
was employed with Lactobacillus casei. 

t The solutions in the six replicate tubes employed at each level of sample were 
mixed and the mixture titrated. The average value given per tube at each level of 
sample was calculated from these data. 

¢ An average of 4.82 y of phenylalanine was found per ml. of amino acid test mix- 
ture. The average mean deviation from the mean at the different levels was 1.3 
per cent. The recovery of phenylalanine was 99.5 per cent. The recoveries of 
phenylalanine in analogous experiments were 103 and 104 per cent (basal medium X 
1.3, 4 days incubation), 105 and 111 per cent (basal medium X 1.3, 5 days incuba- 
tion), 103 and 103 per cent (basal medium X 2, incubation 4 days), and 101 per cent 
(basal medium X 2, 5 days incubation). 

§ An average of 4.88 y of phenylalanine was found per ml. of amino acid test 
mixture. The average mean deviation from the mean at the different levels was 3.1 
percent. The recovery of phenylalanine was 101.6 per cent in this experiment and 
99 per cant in an analogous experiment. 


basal medium with total amino acids at twice the level employed previously 
for the assay of histidine and lysine. Under these conditions the average 
mean deviations from the mean values (five levels of samples) averaged 
about 1 per cent, the assay values for phenylalanine in casein agreed 
closely, and the recoveries of phenylalanine in the amino acid test mixtures 
and the casein hydrolysates were approximately 100 per cent. 

It appears significant that the accuracy with which phenylalanine could 
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be recovered from amino acid test mixtures decreased markedly as the 
percentage of phenylalanine decreased from 2.44 to 0.50 per cent and that 
the recoveries were unsatisfactory from such mixtures containing 0.17 
per cent of this amino acid.* Since the accuracy of microbiological assays 
may vary inversely with the proportion of the amino acid in the sample, 


TaBLe IV 
Results of Assay of Phenylalanine in Casein Hydrolysate 


Leuconostoc mesenteroides | Lactobacillus casei 
Casein per tube Phenylalanine foundt ; Phenylalanine found? 
Titration vol- Titration vol- 
am of for ume of 0.0814 N | ‘co 
Per tube moisture and Per tube | moisture and 
ash) | ash) 

| mil. per cent ml. ¥ per cent 
92.7 | 9.61 4.56 4.92 11.39 | 4.95 | 5.34 
185.4 | 13.56 9.01 4.86 14.50 | 9.32 | 5.08 
2a1.¢ | 15.20 11.26 4.86 16.00 12.00 | 5.18 

4.9] | 5.23 


* The solutions in the six replicate tubes emploved at each level of sample were 
mixed and the mixture titrated. The average value given per tube at each level of 
sample was calculated from these data. 

t The basal medium X 2 and 5 days incubation were employed. The average 
mean deviation from the mean at the different levels was 0.9 percent. The following 
corrected values for phenylalanine were found from comparable assays: 4.94 and 4.% 
per cent (basal medium X 1.3, 4 days incubation), 4.88 and 5.04 per cent (basal 
medium X 1.3, 5 days incubation), 4.97 and 4.99 per cent (basal medium X 2, 4 days 
incubation), and 4.91 per cent (basal medium X 2, 5 days incubation). 

t The average mean deviation from the mean at the different levels was 1.9 per 
cent. The basal medium X 1 and 3 days incubation were employed. The corrected 
value, 5.02 per cent, was found in a comparable assay. 


there may be a limiting accuracy with which a given amino acid may 
be determined in a particular protein with a particular microorganism. 
Phenylalanine in Casein | 


The percentage of phenylalanine determined under the best conditions 
(basal medium‘ X 2, 5 days incubation of Leuconostoc mesenteroides at 


3 Since the phenylalanine content of amino acid Test Mixture 2 (with phenylala 
nine omitted) was found by assay to be less than 0.01 per cent, contamination of these 
amino acids with phenylalanine could not be a significant factor. 

‘ The expression ‘‘basal medium X 2”’ signifies that the composition of the basal 
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35°) was 4.90 (4.89 and 4.91), corrected for the 6.21 per cent moisture 
and the 0.55 per cent ash reported previously (20). The average corrected 
value, 4.97 (4.89 to 5.05, range in six determinations) per cent, was ob- 
tained with Leuconostoc mesenteroides under the other stipulated conditions. 
The average corrected value found with Lactobacillus casei was 5.1 (5.1, 


5.0, and 5.2) per cent. 
It seems probable that the true value for phenylalanine in casein is 


TaBLe V 


Recovery of Phenylalanine Added to Casein H ydrolysate* 


)(—)-Phenylalanine 
cube 1(—)-Phenyl- 


(corrected for Leuconostoc mesenteroides | Lactobacillus casei 
| Pound In casein | Found 
| | "tube | | ‘tubes Recovery | 
| | (WY (VI) | (VII) 
1.14 2.41 | 105.8 1.21 2.36 | 95.8 
46.3 | 2.40 2.28 4.68 100.0 | 2.42 4.95 | 105.4 
69.5 3.42 | 6.99 9.2 | 3.6 7.26 101.1 
92.6 | 4.80 4.56 | 9.34 99.6 | 4.84 9.60 99.2 
115.8 | 6.00 6.70 | 11.45 95.8 | 6.05 12.51 107.7 


* The casein hydrolysate sample assayed was prepared to contain 2.40 y of l(—)- 
phenylalanine per ml. (added as twice the quantity of dl-phenylalanine) and 46.3 y 
of hydrolyzed casein (corrected for moisture and ash) per ml. Volumes of this solu- 
tion varying from 0.5 to 2.5 ml. were taken for the assays. The solutions from the 
six replicate tubes at each level were mixed and titrated. 

7 Estimated on the basis of the 4.91 per cent of phenylalanine in casein given in 
Table IV. The basal medium X 2 and 5 days incubation were employed. 

{Calculated from the relation, ((1V — III)/II) X 100 = per cent recovery. 
The recoveries of phenylalanine in comparable experiments were 103 per cent (basal 
medium X 1.3, 4 days incubation), 110 per cent (basal medium X 1.3, 5 days incu- 
bation), and 100 per cent (basal medium X 2, 4 days incubation). 

§ Estimated on the basis of the 5.23 per cent of phenylalanine in casein given in 
Table IV. The unaltered basal medium and 3 days incubation were employed. 

| Calculated from the relation, ((VII — VI)/II) X 100 = per cent recovery. 


5.0 + 0.2 percent. The uncorrected value, 4.77 per cent, has been reported 
recently by Albanese (22) who determined phenylalanine by the Kapeller- 
Adler (23) colorimetric procedure after eliminating three interfering amino 


medium (Medium D, Table I, described in Paper XVIII (18)) has been modified to 
contain twice the stated concentrations of amino acids but the same concentrations 
of all other constituents. The expression ‘“‘basal medium X 1.3’’ is employed in this 
paper in a corresponding sense. 
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acids. Tryptophane was destroyed by acid hydrolysis of the casein, 
histidine was removed by adsorption on permutit, and tyrosine was de. 
stroyed by oxidation with acid KMnQ, solution. It was shown that from 
100 to 102 per cent of phenylalanine added to a mixture of histidine and 
tyrosine and to hydrolysates of casein and gelatin was recovered. It is 


TaBLe VI 
Results of Assay of Phenylalanine in Silk Fibroin Hydrolysate 
Leuconostoc mesenteroides Lactobacillus casei 
Silk fibroin per Phenylalanine foundt Phenylalanine foundt 
"andash) ume of 0.1118 for | UBS 
a Per tube moisture and oe Pertube | moisture and 
ash) | ash) 
ml. per cent mi. | | per 
237.5 3.05 1.28 10.10 3.45 | 1.45 
356.3 9.49 4.45 1.25 11.49 | 5.10 | 1.43 
475.1 11.05 6.09 1.28 12.69 | 6 SO | 1.43 
593.9 12.48 7.68 1.29 14.00 8.61 | 1.45 
| 
| | | 1.41 


* The solutions from the six replicate tubes at each level of sample were mixed 
and titrated. 

t The basal medium X 2 and 5 days incubation were employed. The average mean 
deviation from the mean at the different levels was 1.0 per cent. The following 
corrected values for phenylalanine were found from comparable assays: 1.29 per 
cent (basal medium X 1.3, 4 days incubation), 1.37 per cent (basal medium X 1,3, 
5 days incubation), and 1.28 per cent (basal medium X 2, 4 days incubation). 

t The average mean deviation from the mean at the different levels was 3.3 per 
cent. The basal medium X 1 and 3 days incubation were employed. 


of interest that Kapeller-Adler (23) found values from 4.5 to 5.3 per cent 
(presumably uncorrected) for phenylalanine in casein essentially by the 
same procedure except that histidine was removed as its phosphotungstate. 
Kuhn and Desnuelle (24) determined phenylalanine by the Kapeller- 
Adler method in an acid hydrolysate of Hammarsten casein (15.66 per 
cent nitrogen after drying 24 hours at 80°) from which the basic and di- 
carboxylic amino acids had been removed by electrodialysis. Although 
only 4.1 per cent of phenylalanine was found, about 17 per cent of the 
nitrogen in the casein sample was lost through formation of humin, con- 
version to ammonia, and adsorption on the BaSQ, precipitates. 

It is difficult to understand why the values (Table VIII) for phenylalanine 
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determined by colorimetric analysis of casein hydrolyzed with NaOH, 
HCl, H-SO,, HI, and mixtures of some of these acids should be so divergent 
and why the values for phenylalanine in casein hydrolyzed for different 
times with a given acid or base should fluctuate so widely. Although 
Schein and Berg (38) found that ‘‘neither destruction nor racemization 


TaBLe VII 
Recovery of Phenylalanine Added to Silk Fibroin Hydrolysate* 
| | 1(—)-Phenylalanine 
od for! alanine | Leuconostoc mesenteroides Lactobacilius casei 
moisture and “OVC fibroin| d In silk | | 
Mper tubet tubers” | Recovery? | fibroin per | | Recovery 
| t 
| | per cent ¥ oper cent 
me | '.2 | 0% 1.91 95.8 0.84 2.13 | 107.5 
| £.40 1.8 3.76 | 93.3 1.67 | 4.30 | 108.6 
178.2 | 3.60 2.2 | 5. | 93.3 2.51 |; 6.80 | 119.2 
237.5 | 4.80 3.04 | 7.63 95.6 | 3.35 | 8.57 | 108.8 
297.0 — 6.00 3.80 {| 9.46 94.3 4.19 10.80 110.2 


*The silk fibroin hydrolysate sample assayed was prepared to contain 2.40 y 
of l(—)-phenylalanine per ml. (added as twice the quantity of dl-phenylalanine) 
and 118.8 y of hydrolyzed silk fibroin (corrected for moisture and ash) perml. Vol- 
umes of this solution varying from 0.5 to 2.5 ml. were taken for the assays. The 
solutions from the six replicate tubes at each level were mixed and titrated. 

t Estimated on the basis of the 1.28 per cent of phenylalanine in silk fibroin given 
in Table VI. The basal medium X 2 and 5 days incubation were employed. 

{ Calculated from the relation, ((1V — III)/II) X 100 = per cent recovery. The 
recoveries of phenylalanine in comparable experiments were 97.1 per cent (basal 
medium X 1.3, incubation time 4 days), 96.2 per cent (basal medium X 1.3, incubation 
time 5 days), and 99.6 per cent (basal medium X 2, incubation time 4 days). 

§ Estimated on the basis of the 1.41 per cent of phenylalanine in silk fibroin given 
in Table VI. The unaltered basal medium and 3 days incubation were employed. 

| Caleulated from the relation, ((VII — VI)/II) X 100 = per cent recovery. 


of the basic amino acids occurs until the minimum time required [18 hours 
at 120°] for the acid [8 n H.SO,} hydrolysis of casein has been greatly 
exceeded,” it may be that phenylalanine behaves in an entirely different 
manner under these conditions. It is recognized that amino acids differ 
markedly in stability towards acids and bases and that additional studies 
should be made of phenylalanine and other amino acids under different 
experimental conditions. This problem is under investigation in the 
authors’ laboratory. 
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Taste VIII 
Percentage of Phenylalanine in Casein (Literature Values) * 


| 
Source of casein samplet Hydrolysis procedure a Phenylalanine « 
No. 
per cent 
5~ NaOH ford5hrs.at125°  K-At | 6.3§ 31 
Difeo “t 1|4.3,§ 31 
Source not given...) “ 5.8 32 
,..| 8n H.SO,for2hrs.at125° | | 3.9 33 
206% HCI-HCOOH for 2 t 4.9 3 
hrs. at 125° | | 
** ..., Concentrated HI for 2 hrs. | 33 
at 125° | | 
| “t | 6.0 33 
“ ...| 5N NaOH for2hrs.at125° 33 
..-| 0% HClfor2,4,8,18hrs. | | 4.39, 4.81, 34 
| 
...| NaOH for2,4,6,18hrs.)  “ 4.97, 4.73, 5.71, 34 
| | §.52 
| | 4.71 
Labco, vitamin- | 
free..............| “ NaOH “ 24 hrs. (3.996 35 
Authors’ prepara- | 
Hammarsten, fat- | 
Benzoic 2.68, 3.04, 3.2, 3.4 | 37 
 aeidtt 
H. B. Vickery...... 6 ~ HCl for 24 hrs. | Microbio- | 3.70 15 
| | logical | 


* In 1919, Foreman (25) isolated 3.9 per cent of phenylalanine as the hydrochloride 
from an ester fraction of a sulfuric acid hydrolysate of casein. Lower percentages of 
phenylalanine were isolated earlier by Fischer (26), Fischer and Abderhalden (27), 
and Osborne and Guest (28) essentially by the same method. Boyd (29) isolated 22 
per cent of phenylalanine as its hydantoin and Baptist and Robson (30) isolated 03 
per cent of phenylalanine as its picrolonate. 

t No physical or chemical characteristics of the casein samples were reported by 
the authors quoted other than those described in the foot-notes to this table. 

t The Kappeler-Adler (23) colorimetric procedure. 

§ Calculated for casein containing 16 per cent nitrogen. 

| Modified Kappeler-Adler colorimetric procedure. 

“ Average of several determinations (no values listed) corrected for moisture and 
ash. Tryptophane was removed as its HgSO, complex and phenylalanine deter?- 
mined in the mercury-free filtrate. Recovery of phenylalanine added to a mixture 
containing ten amino acids was 102.5 per cent. 
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TaBLe VIII—Concluded 


** Precipitated from milk at the isoelectric point of casein. 

tt Corrected for moisture and ash. 

tt Gravimetric determination of benzoic acid formed by oxidation of casein with 
potassium dichromate. 

§§ Lactobacillus arabinosus 17-5. 

||| Recovery of phenylalanine added to casein 92.5 (74 to 110) per cent. 


Phenylalanine in Silk Fibroin 


On the whole the assays of phenylalanine in silk fibroin hydrolysates 
and the recoveries of this amino acid from these preparations were some- 
what less accurate than those obtained with casein. These results were 


- not unexpected in view of the relatively low percentage of phenylalanine 


and the unusual distribution of amino acids in this protein. 

The phenylalanine content of silk fibroin determined under the most 
satisfactory experimental conditions (assay with Leuconostoc mesenteroides 
incubated 5 days at 35° with the amino acids X 2 in the basal medium) 
was found to be 1.28 per cent, corrected for the 5.68 per cent moisture and 
the 0.25 per cent ash reported previously (20). The average corrected 
value, 1.31 (1.29, 1.37, and 1.28) per cent, was obtained with Leuconostoc 
mesenteroides under the other stipulated conditions. The corrected value, 
1.41 per cent, was obtained with Lactobacillus casei. Abderhalden and 


coworkers (39-47) found that silk fibroin prepared from silk of different 


sources contained from 0.6 to 1.6 per cent of phenylalanine and other 
investigators (48-51) have reported values ranging from 0.25 to 1.3 per 
cent. 


SUMMARY 


Microbiological procedures have been described for the determination of 
phenylalanine in protein hydrolysates with two microorganisms, Leu- 
conostoc mesenteroides P-60 and Lactobacillus casei. Closely agreeing 
values for the percentage of phenylalanine in casein and in silk fibroin 
were found by assays with these organisms. The corrected percentages 
of phenylalanine in casein and silk fibroin, respectively, were found to 
be 4.91 and 1.28 per cent under the conditions considered to be most 
reliable (assay with Leuconostoc mesenteroides incubated for 5 days at 
35° in a basal medium identical with that reported previously (18) for 
the determination of lysine and histidine except that the concentration 
of total amino acids was doubled). 

It is considered that the probable true value for phenylalanine in casein 
is 5.0 + 0.2 per cent, since data of high accuracy were obtained in the 
recovery of phenylalanine from three amino acid test mixtures of different 
composition and from casein hydrolysates. This figure is in approximate 
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agreement with the values obtained by investigators who employed what 
appeared to be dependable modifications of the Kapeller-Adler colori- 
metric procedure. It is recognized, however, that the extent to which 
phenylalanine is destroyed or altered during hydrolysis of casein must 
be measured before the true value for phenylalanine in this protein can 


be 


determined with certainty. 


BIBLIOGRAPHY 


. Camien, M. N., Salle, A. J., and Dunn, M.8., Arch. Biochem., 8, 67 (1945). 
. Dunn, M.8., Camien, M. N., Shankman, S., and Rockland, L. B., J. Biol. Chem.,, 


169, 653 (1945). 


. Baumgarten, W., Garey, J. C., Olsen, M.J., Stone, L., and Boruf,C.5., Abstracts, 


American Chemical Society, New York, 27B (1944). 


. Stokes, J. L., and Gunness, M., J. Biol. Chem., 167, 651 (1945). 
. Wooley, J. G., and Sebrell, W. H., /. Brol. Chem., 187, 141 (1945). 
. Kidder, G. W., and Dewey, V. C., Arch. Biochem., 6, 425 (1945); Physiol. Zool., 


18, 136 (1945). 


. Fildes, P., and Richardson, G. M., Brit. J. Exp. Path., 16, 326 (1935). 


8. Mueller, J. H., J. Bact., 30, 513 (1935). Mueller, J. H., und Kapnick, I., J. Bact., 


30, 525 (1935). 


. Mellwain, H., Brit. J. Exp. Path., 21, 25 (1940). 
. Wood, H. G., Geiger, C., and Werkman, C. H., Jowa State Coll. J. Sc., 14, 367 


(1940). 


. Stokes, J. L., and Gunness, M., Science, 101, 43 (1945). 
. Hutchings, B. L., and Peterson, W. H., Proc. Soc. Exp. Biol. and Med., 88, % 


(1943). 


. Kuiken, K. A., Norman, W. H., Lyman, C. M., and Hale, F., Science, 98, 266 


(1943). Kuiken, K. A., Norman, W. H., Lyman, C. M., Hale, F., and Blotter, 
L., J. Biol. Chem., 161, 615 (1943). 


. Shankman, 8., J. Biol. Chem., 160, 305 (1943). Shankman, §., Dunn, M.S., and 


Rubin, L. B., J. Biol. Chem., 160, 477 (1943). 


. Hegsted, D. M., J. Biol. Chem., 162, 193 (1944). 

. Stokes, J. L., and Gunness, M., J. Biol. Chem., 164, 715 (1944). 

. Shankmen, 8., Dunn, M.8., and Rubin, L. B., J. Biol. Chem., 161, 511 (1943). 
. Dunn, M. 8., Shankman, 8., Camien, M. N., Frankl, W., and Rockland, L. B., 


J. Biol. Chem., 166, 703 (1944). 


. Fischer, E., and Schoeller, W., Ann. Chem., 357, 1 (1907). 
. Dunn, M.S8., Camien, M. N., Rockland, L. B., Shankman, S8., and Goldberg, 8.C., 


J. Biol. Chem., 165, 591 (1944). 


. Dunn, M. S., Camien, M. N., Shankman, 8., Frankl, W., and Rockland, L. B., 


J. Biol. Chem., 186, 715 (1944). 
Albanese, A. A., J. Biol. Chem., 166, 2901 (1944). 


. Kapeller-Adler, R., Brochem. Z., 262, 185 (1932). 
. Kuhn, R., and Desnuelle, P., Ber. chem. Ges., 70, 1907 (1937). 


Foreman, F. W., Biochem. J., 18, 378 (1919). 
Fischer, E., Z. physiol. Chem., 33, 151 (1901). 
Fischer, E., and Abderhalden, E., Z. physiol. Chem., 39, 81 (1903); 40, 215 (1903). 


. Osborne, T. B., and Guest, H. H., J. Biol. Chem., 9, 333 (1911). 


Boyd, W. J., Biochem. J., 27, 1838 (1933). 


w 


3 
& 
| 
| 
| 2 
| 
| 
| 
5 
10 
1] | 
12 
| 
15 
16 
17 | 
18 | 
10 
20 
i 
| 
22. 
23 
24 
i 25. 
26. 
27 
2S 


B 


DUNN, SHANKMAN, AND CAMIEN 655 


Baptist, N. G., and Robson, W., Biochem. J., 34, 221 (1940). 


. Block, R. J., and Bolling, D., The amino acid composition of proteins and foods, 


Springfield, 128 (1945). 


. Block, R. J., and Bolling, D., The determination of amino acids, Minneapolis, 


revised edition, p. iii (1940). 

Block, R. J., Jervis, G. A., Bolling, D., and Webb, M., J. Biol. Chem., 184, 567 
(1940). 

Hess, W. C., and Sullivan, M. X., Arch. Biochem., 6, 165 (1944). 

Brown, W. L., /. Biol. Chem., 165, 277 (1944). 


_ Williamson, M. B., /. Biol. Chem., 156, 47 (1944). 
. Kollman, G., Biochem. Z., 194, 1 (1928). 


Schein, A. H., and Berg, C. P., Federation Proc., 2, 69 (1943). 


. Abderhalden, E., and Rilliet, A., Z. physiol. Chem., 68, 337 (1908). 


Abderhalden, E., and Behrend, L., Z. physiol. Chem., 69, 236 (1909). 
Abderhalden, E., and Sington, J., Z. physiol. Chem., 61, 259 (1909). 
Abderhalden, E., and Brahm, C., Z. physiol. Chem., 61, 256 (1909). 
Abderhalden, hx, and Brossa, A., Z. physiol. Chem., 62, 129 (1909). 
Abderhalden, E., and Spack, W., Z. physiol. Chem., 62, 131 (1909). 


. Abderhalden, E., and Schmid, G., Z. physiol. Chem., 64, 460 (1910). 

. Abderhalden, E., and Welde, E., Z. physiol. Chem., 64, 462 (1910). 

. Abderhalden, E., Z. physiol. Chem., 120, 207 (1922). 

. Suwa, A., Z. physiol. Chem., 68, 275 (1910). 

. Roose, G., Z. physiol. Chem., 68, 273 (1910). 

. Suzuki, U., Yoshimura, K., and Inouye, R., /. Coll. Agr. Imp. Tokyo, 1, 59 (1909). 
. Inouye, R., and Hirasawa, K., J. Tokyo Chem. Soc., 39, 300 (1918). 


nite 


4 
4 
= 
{ 
| 
| 
| 
~ 
$ 
| 
> 
4 
4 
¥ 
| 
| 
| 
i 
4 
. 

= 

i 


| 
of 1 
bac 
fra 
fer 
Mi 
anc 
thi: 
i org 
| inf 
i 

stu 
| 
ark 
the 
Xx] 
glu 
the 
anc 
ra 

tol 
aut 


INVESTIGATIONS OF AMINO ACIDS, PEPTIDES, AND 
PROTEINS 


XXIV. THE AMINO ACID REQUIREMENTS OF LACTOBACILLUS 
FERMENTI 36* 


By MAX 8. DUNN, MERRILL N. CAMIEN, anno 8. SHANKMAN 
(From the Chemical Laboratory, University of California, Los Angeles) 


(Received for publication, September 4, 1945) 


Reasonably satisfactory procedures for the determination of the majority 
of the amino acids with Lactobacillus arabinosus, Lactobacillus casei, Lacto- 
bacillus delbriickii, and Leuconostoc mesenteroides and the assay with these 
microorganisms of purified proteins (1-9), foodstuffs (6-8, 10-14), blood 
fractions (15, 16), animal muscle and organ proteins (12, 17, 18), alcoholic 
fermentation products (19), and bacterial cells (20) have been reported. 
Microbiological methods are not available for the assay of some amino acids 
and there is need for improved procedures for the assay of others. For 
this reason, the amino acid and other nutritional requirements of Lacto- 
bacillus fermentt 36 were investigated and the potentialities of this micro- 
organism for amino acid assays were determined. 

Lactobacillus fermenti 36, a strain of mannitol-forming bacteria, was first 
isolated by Stiles, Peterson, and Fred (21) in 1925 from fermenting cereal 
infusions. The growth requirements of this microorganism have been 
studied recently by Sarett and Cheldelin (22, 23) and a microbiological 
procedure for thiamine has been described by these investigators. 

The nutritional requirements of Lactobacillus fermenti 36 were studied 
according to the plan adopted in comparable investigations of Leuconostoc 
mesenteroides P-60 (9, 24). Acid production was measured at a series of 
arbitrarily chosen levels of amino acids and other nutrients, a standard 
curve for each essential amino acid was constructed from the titration data, 
and the minimal concentration of each essential amino acid required to give 
the maximal titration was estimated from its standard curve. In addition, 
experiments with multiple media were performed to determine the levels of 
glucose, salts, purines and pyrimidines, vitamins, and amino acids at which 
the standard curves for a particular amino acid were nearly coincident 
and were approximately linear over the segment to be employed for assay 


*For Paper XXIII in this series see Dunn et al. (1). This work was aided by 
grants from the Gelatin Products Company, Merck and Company, Inc., the Nutri- 
tion Foundation, Inc., Schering and Glatz, and the University of California. The 
authors are indebted to H. Block, W. Frankl, B. Merrifield, and L. B. Rockland for 
technical assistance. 
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TABLE I 
Composition of Basal Media* 
Constituent Medium A = Medium Medium 
me. per |. | me. per |. | meg. per |, 
1(+)-Arginine monohydrochloride........... 50 
Asparagine (natural)....................... 400 200 200 
l(—) Histidine monchydrochloride mono- | 
dl-Isoleucine. . 200 400 400 
200 200 200 
1(+-)-Lysine monchydrochloride 100 200 200 
dl-Norleucine 100 200 200 
l(—)-Tyrosine 25 100 100 
dl-Valine 200 400 400 
Guanine hydrochloride 12 12 24 
Sodium acetate 12 (gm.) 12 (gm.) 10 (gm.) 
K,HPO, | 500 500 | 500 
MgsS0O,-7H,O 200 200 
NaCl 5(gm.) 5(gm.) | O 
FeSO,-6H,O 10 | 10 10 
Thiamine hydrochloride. 1 l 
Calcium di-pantothenate  ................ 2 2 
| 5 (7) 5 (y) 
p-Aminobensoic acid...................... 0.1 0.1 
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TaBLeE I—Concluded 


* The sources and specifications of the listed nutrients were the same as those 
given previously (24). The composition of the medium was essentially the same as 
that of Sarett and Cheldelin (23) except that amino acids instead of acid-hydrolyzed 
casein, about one-half the concentration of sodium acetate, 1.5 times the concentra- 
tion of glucose, and from 1 to 20 times the concentration of vitamins were employed. 
Xanthine was added to the present authors’ basal medium. The basal media as 
prepared contained 6 times the concentration of the constituents given in Table I. 
The concentration of constituents of the basal media present in the final assay 
solutions was the same as that shown in Table I. Equivalent quantities of cystine 
and cysteine hydrochloride were used interchangeably. The temperature was 35° 
and the incubation time 3 days in all experiments except those in which other condi- 
tions are specified. 


purposes. A basal medium with nutrients at the minimal levels found to 
give the desired response of the microorganism was considered to be satis- 
factory for assay purposes. 

According to the authors’ experience, acid production is approximately 
maximal in a medium which is satisfactory for an amino acid assay. On the 
other hand it has been found that, contrary to the view of some workers 
(25), maximal acid production does not necessarily insure the adequacy of 
amedium. Neither acid production nor the slope of the standard curve, 
per se, is considered to be the most significant determinant of a medium’s 
assay potentialities. One of the most critical factors is believed to be the 
capacity of the medium to resist, over as wide a range of concentrations as 
possible, the stimulatory or inhibitory influence of amino acids and other 
substances which may be introduced during an assay. 


EXPERIMENTAL 


The microorganism, Lactobacillus fermenti 36, American Type Culture 
Collection, No. 9338, was obtained from the University of Oregon through 
the courtesy of Dr. V. H. Cheldelin. The culture was carried on Bacto- 
tomato juice agar (Difco), since it grew poorly on yeast-dextrose agar 
(Difco). The assay technique was that described previously (24). Solu- 
tions of the standard amino acid, the samples, the basal media, and sus- 
pensions of the inocula were transferred to 6 inch test-tubes with the aid of a 
Brewer automatic pipette (Baltimore Biological Laboratories). The com- 
position of the basal media is given in Table I. 

The types and proportions of the substances in the basal medium (Me- 
dium A, Table I) selected arbitrarily for the initial study of the nutritional 
requirements of Lactobacillus fermenti 36 were nearly the same as those em- 
ployed previously (2). Simultaneous growth experiments were carried 
out at five levels of histidine (Medium B, Table I) and two incubation 
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temperatures. It was concluded that 35° is a satisfactory incubation tem - 
perature, since acid production increased only slowly after 72 hours and 
growth was more rapid than at 28°. 


6 0 
AMINO ACID LEVEL OF MEDIUM AMINO ACD LEVEL OF MEDLM 


It is considered important that the centrifuged inoculum be suspended in 
a volume of saline approximately equal to that of the cell suspension. Al- 
though satisfactory standard curves (histidine) were obtained with un- 
diluted inocula grown in 5 ml. final volumes per 6 inch test-tube either in 
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Fic. 16. The micrograms of histidine employed were as follows: Curves A, 4; 
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Curves B, 30; Curves C, 20; Curves D, 10; and Curves EF, 0. 
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Fic. 20, A. = adenine; G. = guanine; U. = uracil. 
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Medium A or Medium C, inocula diluted 1: 100 did not grow in Medium A 
with up to 6 days incubation. Inocula diluted 1: 100 did not grow in Me- 
dium C after 2 days incubation and growth was slow and erratic up to 6 


“FIG 24, 


100 
GAMMA PER TEST TUGE 
Fig. 24. Days of incubation time were as follows: Curve A, 6; Curve B, 5; Curve 
C, 3; Curve D, 2; and Curve E, 1. 
Fig. 25. Days of incubation time were as follows: Curve A, 4; Curve B, 3; Curve 
C,2;and Curve D, 1. 
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© 
GAMMA PER TEST TUGE 
Fic. 26. Days of incubation time were as follows: Curve A, 6; Curve B, 5; Curve 
C 3; Curve D, 2; and Curve E, 1. 
Fic. 27. Days of incubation time were as follows: Curve A, 6; Curve B, 5; Curve 
C, 3; Curve D, 2; and Curve E, 1. 


days incubation. These observations coincide with those of Sarett and 
Cheldelin (23) who obtained poor growth of dilute inocula unless alkali- 
treated peptone was added to the medium. These results suggest that 
alkali-treated peptone contains a growth factor (or factors) not present in 
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purified casein or the present authors’ synthetic medium. Curves showing 
the experimental results are given in Figs. 1 to 27. 


DISCUSSION 


It was found with Medium A, Table I, that the amino acids arginine 
glutamic acid, histidine, isoleucine, leucine, methionine, phenylalanine 
threonine, tryptophane, tyrosine, and valine were essential nutrients and 
that the other amino acids listed were auxiliary or non-essential substances 
Standard curves showing the response of the microorganisms to different 
levels of the eleven essential amino acids are given in Figs. 1 to 11. 

Medium B, Table I, was prepared by adjusting the concentration of the 
essential amino acids to the levels found to give maximal acid production 
in the preliminary experiments with Medium A. The changes in concen. 
tration of the other amino acids stipulated in Medium B, Table I, wer 
made arbitrarily although they were suggested by the unpublished exper. 
mental data obtained in the preliminary experiments with Medium A 
Standard curves were obtained showing the response of the microorganism 
with Medium B to different levels of the four essential amino acids, glu 
tamic acid, histidine, methionine, and threonine.'! It may be noted that 
the linear portion of these curves (Figs. 1, a to 4, a) has been extended 
somewhat beyond the limits observed in the comparable curves with Me 
dium A. It was assumed, therefore, that Medium B would be more satis 
factory for assay purposes than Medium A. 

Experiments were next performed to determine the minimal level of total 
amino acids in Medium B required to give maximal acid production at each 
of several concentrations of each of the four amino acids, glutamic acid, 
histidine, methionine, and threonine. ‘The response of the microorganism 
under these conditions is shown in Figs. 12 to 15. Eight media with total 
amino acids ranging from 0.125 to 2.5 times (given as Levels 1 and 2 
respectively in Figs. 12 to 15) the concentrations shown in Medium B, 
‘Table I, were employed. Standard curves were obtained at five concentra 
tions of each of the four essential amino acids. These concentrations were 
0 to 160 y for glutamic acid, 0 to 40 y for histidine, 0 to 20 y for methionine, 
and 0 to 50 y for threonine. It was concluded that 1 & the concentration 
(equivalent to Level 8 of Figs. 12 to 15) of total amino acids was the mini- 
mal level which would be satisfactory for the assay of these four amino 
acids under the described experimental conditions. 


1 Experiments with multiple media in which the concentrations of total amino 
acids varied from 1 to 2.5 times those given in Medium C, Table I, were carried out 
with phenylalanine. It was observed that the standard curves were depressed 
markedly with increasing concentration of total amino acids. It appeared, there 
fore, that phenylalanine could not be determined satisfactorily with Lactobacillu 
fermenti 36 under the described experimental conditions. 
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ing The nutritional adequacy of Medium B was further investigated with 
total amino acids (except histidine) present in the concentrations shown in 
Table I, but with multiple concentrations of other nutrients. Curves | 
showing the response of the microorganism at five concentrations of histi- * 
dine up to 24 or 40 y are shown in Figs. 16 to 23. The following observa- | 
tions were made: (a) Acid production was strongly inhibited (Fig. 16) 
up to 2.5 per cent concentrations of NaCl, KCl, and an equal mixture 3 
of these salts, although NaCl was most strongly and the mixture least in- 
hibitory. It may be inferred, therefore, that sodium and potassium salts 
are interrelated in the metabolism of Lactobacillus fermenti 36 and that all 
solutions should be adjusted to the same concentration of NaCl and of 
KCl to compensate for any stimulatory or inhibitory effects. (6) High 
blanks and erratic response of the microorganism resulted (Fig. 17) when 
NH,Cl was omitted from the basal medium and acid production was in- 
hibited regularly up to 1.2 per cent concentration of this salt. (c) The in- 
crease in acid production (Fig. 18) was marked when glucose was increased 
from 1 to 2 per cent but the increase in acid was only slight when glucose was 
increased from 2 to 3 per cent. Acid production was not increased further 
when glucose was increased from 3 to 4 per cent. (d) There was no sig- 1% 
nificant change in acid production (Fig. 19) when the concentration of } 
sodium acetate was increased from 0.6 to 2.4 per cent. (e) Acid production 
was increased only slightly when the concentration of adenine, guanine, 
and uracil was doubled (Fig. 20) but no additional effect was noted up to 
the 5-fold level. There was a small increase in acid production (curves 
not given) at the 2-fold level of adenine, guanine, and uracil when xanthine 
at the same level was added to the medium. (f) There was a gradual 
but parallel increase in acid production (Fig. 21) up to a 5-fold level of the 
phosphate buffer salts? (Salts A). (g) Acid production was not affected 
(Fig. 22) by increasing 5 times the concentration of Salts B (magnesium, 
manganese, and iron sulfates) but it was slightly decreased at 0.5 con- 
centration of these non-buffer salts. (hk) Acid production was unchanged 
(Fig. 23) up to 2 (equivalent to Level 20) times the concentration of total 
vitamins but it was decreased slightly at 0.1 (equivalent to Level 1) con- 
centration of vitamins. 

Good growth of Lactobacillus fermenti 36 and maximal acid production 
were observed in media containing no histidine, relatively low concentra- 
tions of sodium acetate and NaCl, and from 0 to 0.3 per cent of NH,CI. 


* This effect was observed by Sarett and Cheldelin (23). It is believed to be ex- ee 
plained by the maintenance of a nearly constant but relatively high pH in solutions 
containing relatively high concentrations of buffer salts. Under these conditions, 
acid production would be less inhibited than in solutions containing relatively low 
concentrations of buffer salts. 
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When 10 ¥ of histidine per tube were added, acid production decreased to 
about 40 per cent of the maximal but above 10 vy of histidine it returned 
approximately tomaximal. At 0.6 per cent NH,Cl and 1.2 per cent sodiuy 
acetate the blank titrations were low even in the absence of NaCl. Appar. 
ently, Lactobacillus fermenti 36 is able to synthesize histidine at relatively 
low concentrations of salts, while at higher concentrations of salts or rela. 
tively low concentrations of histidine this synthesis is partly inhibited. 

That this effect bears a relation to the time of incubation was shown ip 
other experiments with glutamic acid, histidine, methionine, and threonine, 
Although no synthesis of glutamic acid (Fig. 24) or of methionine (Fig. 26) 
occurred up to 5 days, synthesis of histidine (Fig. 25) and of threonine (Fig, 
27) was appreciable in 3 days and was marked in 4 or 5 days. It is appar. 
ent, therefore, that incubation times longer than 2 days should not be em. 
ployed for the microbiological determination of histidine or threonine under 
the described experimental conditions. It is considered probable that 
there may be particular experimental conditions under which a particular 
amino acid may be synthesized by any microorganism. In view of this 
possibility, it would seem to be fortuitous that it has been possible, in a 
relatively short time, to devise reasonably satisfactory procedures for the 
determination of so many amino acids by microbiological methods. 

It has been reported (21) that sucrose is better utilized by Lactobacillus 
fermenti than glucose. It was found in the present experiments that this 
microorganism did not grow on the described basal medium containing 
sucrose in place of glucose. This failure may possibly be attributed to the 
absence of small amounts of intermediate products (26, 27), essential for 
the initiation of fermentation, which are formed when media containing 
glucose are autoclaved. 

Medium C, Table I, was prepared after consideration of the data re 
corded in the curves shown in Figs. 12 to 23. It has been assumed that this 
medium is satisfactory for the microbiological determination of the amino 
acids which are essential for the growth of Lactobacillus fermenti 36 and 
experiments, designed to test the validity of this hypothesis for histidine, 
are described in Paper XXV. 


SUMMARY 


Amino acids essential for the growth of Lactobacillus fermenti 36 have 
been determined. The response of this microorganism to glutamic acid, 
histidine, methionine, and threonine at different levels of total amino acids 
and its response to histidine at different levels of NaCl, KCl, equal mix- 
tures of NaCl and KCl, NH,Cl, glucose, sodium acetate, purines and 
pyrimidines, phosphate buffer salts, non-buffer salts, and vitamins has 
been measured in terms of acid production. It has been shown that 
histidine and threonine, but not glutamic acid and methionine, are syl- 
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thesized by Lactobacillus fermenti 36 after 2 days incubation under the de- 
scribed experimental conditions. It has been concluded that the basal 
medium and the experimental conditions established on the basis of the 
described experiments may be satisfactory for the determination of some 
amino acids with Lactobacillus fermenti 36. 
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3. 
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INVESTIGATIONS OF AMINO ACIDS, PEPTIDES, AND 
PROTEINS 


XXV. THE DETERMINATION OF HISTIDINE IN PROTEIN 
HYDROLYSATES WITH LACTOBACILLUS FERMENTI 36* 


By MAX 8. DUNN, 8. SHANKMAN, anp MERRILL N. CAMIEN 
(From the Chemical Laboratory, University of California, Los Angeles) 


(Received for publication, September 4, 1945) 


The purpose of the present experiments was to test the adequacy of the 
basal medium described in the foregoing paper (1) for the determination of 
histidine in protein hydrolysates with Lactobacillus fermenti 36. It was 
desired, also, to obtain additional evidence concerning the probable true 
percentage of histidine in casein. The corrected value (3.1 per cent) 
found previously (2) was in good agreement with that (3.1 per cent) re- 
ported by Albanese (3) but it was 6 per cent higher than the percentage 
(2.9) found by Saidel and Brand (4) and 24 per cent higher than the per- 
centage (2.5) found by Vickery and Winternitz (5). 


EXPERIMENTAL 


The assay technique (6) and a modification of the basal medium (Medium 
C, Table I) described previously (1) were employed. Final volumes of 5 
ml. per 6 inch test-tube were utilized in studying the nutritional require- 
ments of Lactobacillus fermenti 36 (1) but it was found in the present work 
that growth was superior with final volumes of 3 ml. per 4 inch test-tube. 
The latter conditions are also more convenient and more economical of 
chemicals than the former. The standard (histidine) was run at fifteen 
levels, the amino acid test mixtures were run at five levels, and six tubes were 
used at each level of standard and sample. After the tubes had been in- 
cubated, it was found necessary to steam them for 10 minutes to remove 
excess gas (presumably largely carbon dioxide) which caused fading of the 
color at the end-point in the titrations. 

Relatively concentrated inocula were employed in the experiments de- 
scribed in the foregoing paper (1), since it was observed that, at dilutions of 
1:100, growth of Lactobacillus fermenti 36 in Medium A or Medium C was 
poor or did not occur even after incubation for 6 days. It was considered 


* For Paper XXIV in this series see Dunn et al. (1). This work was aided by grants 
from the Gelatin Products Company, Merck and Company, Inc., the Nutrition Foun- 
dation, Inc., Schering and Glatz, and the University of California. The authors are 
indebted to H. Block, W. Frankl, B. Merrifield, and L. B. Rockland for valuable 
suggestions and technical assistance. 
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0 2 4 6 
DILUTION OF INOCULUM SUSPENSON IN LOGS TO BAS 


Fic. 1. The incubation time was as follows: Curves A, 68 hours; Curves B, 4 
hours; and Curves C, 20 hours. The figures above the base-line refer to logarithms 
to the base 7.4 and those below the base-line refer to dilutions of the inoculum sus- 
pension corresponding to the indicated logarithmic values. 


TABLE I 
Results of Assays of Histidine in Amino Acid Test Mixture 1* 


1 day incubation time 2 days incubation time 


! 
Titration volume Titration volume 


Amino acid mixture’ of 0.0318 N NaOH per Histidine foundt | of 0.0318 Nn NaOH per | Histidine foundt 
per tube tube tu 

| Ranget | | Per tube | Ranget Per tube. pk 

| ml. mi. | | mil. mi. | 

281.4 | 2.16-2.30 | 2.24 5.03 | 25.15 | 2.94-3.03 | 2.98 | 4.90 | 24.50 

562.6 2.95-3.18 | 3.05 10.52 26.30 4.59-4.78 4.68 | 10.40 26.00 

843.9 -3.62-3.80 3.71 14.75 24.58 6.20-6.29 6.24 15.40 25.67 

1125.2 —4.19-4.40 4.28 19.55 24.44 7.31-7.50 7.40 20.42 25.82 

1406.5 4.70-4.89 4.80 24.10 24.10 8.39-8.81 8.56 25.75 25.75 


The solution analyzed contained 25.00 y of histidine per ml. The recovery of 
histidine was 99.8 per cent (1 day’s incubation) and 102.2 per cent (2 days incubation). 

* The composition of the test mixture simulating casein was the same as that given 
in a previous paper (7) except that the mixture contained 1.77 per cent of histidine 
(as 1(—)-histidine monohydrochloride monohydrate). The basal medium was 
Medium C, Table I (1), with total amino acids 1.5 times the stated concentrations. 

t Six replicate tubes at each level of sample. 

t The average mean deviations from the mean at the different levels were 2.5 per 
cent (1 day’s incubation) and 1.5 per cent (2 days incubation). 


desirable, therefore, to determine the dilution of inocula which might be 
most satisfactory for assay purposes. An inoculum, incubated for 21 hours, 
was centrifuged and the cells were suspended in an equal volume of sterile 
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saline. The transmission of this suspension was found to be 74 per cent 
and its optical density was 0.133, compared with distilled water, by meas- 
urement with a photoelectric colorimeter (Lumetron) fitted with a light 
diffusion screen. 1 drop (about 0.05 ml.) of dilutions of this suspension 
up to 1:3,640,000,000 was added to separate 3.0 ml. volumes of Medium C, 
Table I (1), in 4 inch test-tubes and the tubes were incubated at 35-37° 
for periods ranging from 20 to 68 hours. In some experiments, approxi- 


TaBLe II 
Results of Assays of Histidine in Amino Acid Test Mizture 2* 


1 day incubation time 2 days incubation tume 
Titration volume Titration volume 
Amino acid mixture of 0.0318 Nn NaOH per | Histidine found? | of 0.0318 N NaOH per Histidine found? 
per tu tube tube | 
Ranget | Per tube | Ranget Aver- | der tube | 
404 2.09-2.11 2.10 4.15 | 20.75 | 2.61-2.81 | 2.70 4.00 20.00 
808 2.71-2.88 2.78 8.75 21.87 3.76-3.88 | 3.82 7.90 | 19.75 
3.20-3.60 | 3.41 12.55 | 20.92 | 5.26-5.40 | 5.35 12.25 | 20.41 
1616 3.69-4.20 3.86 15.85 19.81  6.49-6.62 6.56 16.80 | 21.00 
2020, 4.20-4.59 4.38 20.40 20.40 7.26-7.60 | 7.47 20.80 | 20.80 
20.75 | 20.39 


The solution analyzed contained 20.0 y of histidine per ml. The recovery of 
histidine was 103.8 per cent (1 day’s incubation) and 102.0 per cent (2 days incu- 
bation). 

* Test Mixture 2 contained 100 mg. per ml. of each of the amino acids given in Test 
Mixture 1 except that it contained 1.00 per cent of histidine (as /(—)-histidine 
monohydrochloride monohydrate). The basal medium was Medium C, Table I 
(1), with total amino acids 1.5 times the stated concentrations. 8 

t Six replicate tubes at each level of sample. 

t The average mean deviations from the mean at the different levels were 2.6 per 
cent (1 day’s incubation) and 2.0 per cent (2 days incubation). 


mately 100 y of Lactobacillus fermenti 36 cells, hydrolyzed by refluxing them 
for 20 hours with 8 n HCl, were added per ml. of basal medium. Acid 
production was measured by titration with 0.0315 n NaOH. The titra- 
tion curves are shown in Fig. 1. 

It is evident that acid production decreased sharply and irregularly with 
dilutions of inocula beyond 1:7 or 1:50 and that it decreased to a low con- 
stant level at 1:400, 1:3000, and 1:500,000,000 dilutions of inocula in 
media incubated for 20, 44, and 68 hours, respectively. That growth 
and acid production occurred at higher dilutions of inocula in 4 inch than 
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III 
Results of Assays of Histidine in Amino Acid Test Mizture 3* P 
1 day incubation time 2 days incubation time t 
Titration volume Titration volume \ 
Amino acid mixture | of 0.0310 n NaOH per | Histidine found{ | of 0.0310 N NaOH per | Histidine found} 
per tube tube | tube 
( 
Ranget ~ | Per tube Ranget ~ | Per tube Per 
1253.2 1.98-2.01 1.98 | 3.73 | 18.65 | 2.51-2.70 2.64 3.72 | 18.50 v 
2506 .4 2.56-2.65 | 2.59 | 6.98 | 17.45 | 3.54-3.94 | 3.76 | 6.92 | 17.30 
3759 .6 3.16-3.30 | 3.22 | 10.28 | 17.13 | 4.78-5.41 | 4.96 | 10.42 | 17.37 
5012.8 3.60-3.89 | 3.79 | 13.59 | 16.99 | 5.67-5.98 | 5.80 | 13.00 | 16.25 
6266 .0 4.13-4.40 | 4.30 | 17.43 | 17.43 | 7.14-7.88 7.52 | 18.90 | 18.90 5 
17.53 17.66 
The solution analyzed contained 17.8 7 of histidine per ml. The recovery of 
histidine was 98.5 per cent (1 day’s incubation) and 99.0 per cent (2 days incu- 
bation). | 
2 * The composition of the test mixture simulating silk fibroin was the same as that 
given in a previous paper (8) except that it contained 0.284 per cent of histidine 
, (as I(—)-histidine monohydrochloride monohydrate). The basal medium was 
j Medium C, Table I (1), with total amino acids 1.5 times the stated concentrations, 
3 t Six replicate tubes at each level of sample. 
; t The average mean deviations from the mean at the different levels were 2.6 per 
) cent (1 day’s incubation) and 4.7 per cent (2 days incubation). - 
TaBLE IV 
ia Summary of Assays of Histidine in Amino Acid Test Miztures with Lactobacillus 
fermenti 36 
Level of total Histidine recovery 
i Individual Average 
days per cent per cent . 
i 1 1.5 1 99.8, 95.0, 101.3 Ww 
; a 1 2.5 1 101.5, 100.0, 92.0 | 
a 1 1.5 2 102.2, 100.5, 96.9, 92.1 
1 2.5 2 100.4, 103.7, 106.1 99.4 
ti 2 1.5 1 103.8, 95.6, 99.8 
i 2 2.5 1 101.9, 98.5, 87.6* 
i 2 1.5 2 102.0, 103.5, 101.2, 99.5 
fe 2 2.5 2 102.5, 102.2, 104.6, 106.4 101.6 
t 3 1.5 1 98.5, 102.0 re 
ta 3 2.5 1 102.0, 93.3 
if 3 1.5 2 99.0, 98.5 ” 
ta 3 2.5 2 100.6, 106.5 100.0 . 
4s * Omitted in calculating the average value. 
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in 6 inch test-tubes possibly may have resulted because of decreased 
aeration in the smaller tubes. It was observed in other experiments that 
there was no growth, even of concentrated inocula, in 6 inch tubes which 
were shaken continuously. 

Acid production was essentially the same at a given time and dilution 
of inocula in media with and without added hydrolysate of Lactobacillus 
fermenti cells. It would appear, therefore, that Lactobacillus fermenti cells 
contain no acid-stable factor essential for the growth of this microorganism 
which is not present in the basal medium. In view of these experimental 


TaBLe V 
Results of Assays of Histidine in Casein Hydrolysate* 
bee 1 day incubation time 2 days incubation time 
Therati 
of ‘NaOH per Histidine found{ | of 0.0310 Histidine found{ 
and ash) per tube tube tube 

Ranget — Pertube| Casein | Ranget | A*©r | Pertube| Casein 
mi. mi. per cent mil. mil. per ceni 
149.2 2.00-2.20 2.08 4.30 > 2.88 | 2.82-2.92 | 2.88 | 4.40} 2.94 
298 .4 2.80-3.02 2.93 8.72 | 2.92 | 4.28-4.90 | 4.53 9.15 | 3.06 
447.6 3.50-3.83 | 3.66 12.80 2.86 | 5.71-6.31 | 5.95 | 13.50; 3.02 
596.8 4.02-4.38 4.24 | 16.88 | 2.92 | 7.38-8.03 | 7.65 | 19.38 | 3.24 
746.0 4.50-4.92 | 4.77 | 22.36 | 2.99 | 8.51-9.58 | 9.12 | 24.15 | 3.23 


* Lactobacillus fermenti 36 and the basal medium (Medium C, Table I (1)) with 
total amino acids 1.5 times the stated concentrations were employed. 

t Six replicate tubes at each level of sample. 

t The average mean deviations from the mean at the different levels were 1.3 per 
cent (1 day’s incubation) and 3.5 per cent (2 days incubation). 


results, it was considered probable that inocula diluted more than 1:5 
would not be satisfactory for assay purposes. 
The casein, the silk fibroin, and the hydrolysis procedure were the same 


as those described earlier (7). The experimental data are given in Tables 
I to IX. 


Histidine in Casein 


Evidence has been presented that histidine may be determined with 
reasonable accuracy in amino acid test mixtures (Tables I to IV) and in 
casein hydrolysates (Tables V to VII) with Lactobacillus fermenti, the basal 
medium (Medium C, Table I, described in the foregoing paper (1)), and 
the experimental conditions stipulated in this paper. Although histidine 
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could not be determined accurately with a basal medium containing total 
amino acids 1 times the concentrations given previously (1), the results 
were satisfactory with basal media containing total amino acids 1.5 and 2.5 
times these concentrations. The results were unsatisfactory, also, when 


TaBLe VI 
Recovery of Histidine Added to Casein H ydrolysate* 


l(—)-Histidine 
1 day incubation time | 2 days incubation time 
ture and ash) | 

Incasein| Added Found Recov- | In casein Added | Found Recov- 

per tubet} per per tube per tube§ | per tube tube ery. 

(I) (II) (IIT) (IV) (V) | (VI) (VII) | ‘VILI) (TX) 
Y Y Y per cent | Y per cent 
74.6 2.16 2.00 4.21 102.5 | 2.31 2.00 4.14 91.5 
149.2 4.33 | 4.00 8.46 103.2 4.63 4.00 8.55 98 .0 
223.8 6.49 6.00 | 12.20 95.2 6.94 6.00 | 13.05 101.8 
298 .4 8.65 8.00 | 16.24 94.9 9.25 8.00 16.70 93.1 
373.0 10.82 10.00 | 19.80 89.8 11.56 10.00 21.90 103.4 


* The casein hydrolysate sample was prepared to contain 10.0 y of histidine per 
ml. and 373.0 y of casein (corrected for moisture and ash) per ml. Volumes of this 
solution varying from 0.20 to 1.0 ml. were taken for the assays. The basal medium 
was Medium C, Table I (1), with total amino acids 1.5 times the stated concentra- 
tions. The assays were made with Lactobacillus fermenti. 

+ Estimated on the basis of the 2.91 per cent of histidine in casein given in Table V. 


t Calculated from the relation, ((IV — II)/III) X 100 = per cent recovery. The . 
recoveries of histidine in comparable experiments with total amino acids in the basal — 


medium (Medium C, Table I (1)) 2.5 times the stated concentrations were 95.8 and 
93.5 per cent. 
§ Estimated on the basis of the 3.10 per cent of histidine in casein given in Table V. 
| Calculated from the relation, ((VIII — VI), VII) X 100 = per cent recovery. 
The recoveries of histidine in comparable experiments with total amino acids in the 


basal medium (Medium C, Table I (1)) 2.5 times the stated concentrations were | 


99.7, 95.4, and 103.2 per cent. 


the incubation period was longer than 2 days. The preferred assay con- 
ditions are considered to be a 2 day incubation time and total amino acids 
1.5 times the indicated concentrations. Incubation times as short as 1 
or 2 days are advantageous in the routine determination of amino acids by 
microbiological procedures. 

It has been found (Table VII) by assay with Lactobacillus jormal 
that casein, corrected for moisture and ash, contained 3.0 + 0.1 per cent 
of histidine. It seems probable that this value is nearly correct, since it 
was obtained in nine separate assays with Lactobacillus fermenti and twelve 
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separate assays with Leuconostoc mesenteroides with two casein preparations, 
two levels of total amino acids in the basal media, and incubation times of 
1 and 2 days with the first organism and 3 to 7 days incubation time with 
the second. The assay data obtained with Leuconostoc mesenteroides 


TaBLeE VII 


Summary of Percentages of Histidine in Two Samples of Casein Determined under 
Different Conditions with Two Microorganisms* 


Total amino | Histidine 
acid level Incuba- | 


Organism in basal _ tion time 
medium | | Individual | Average 
| days per cent | per cent 
Lactobacillus fermenti 36 2.90,¢ 2.96T | 
| 1.5 | 2 | 3.10,¢ 3.04t | 
| 3.05 | 
2.5 | 2 | 3.08,¢ 3.06t | 
Leuconostoc mesenteroides P-60 1 3 3.01 | 
1 4 2.94 | 
1 5 3.03, 3.05, 3.04, | 
2.87 | 
2 5 3.04, 3.09 
| 1 6 2.88 
| 2 6 3.09 | 
| 
2 | | 3.0 


* Medium C, Table I (1), was employed with Lactobacillus fermenti and Medium 
D, Table I (9), was employed with Leuconostoc mesenteroides. The standard his- 
tidine was run at fifteen levels, the casein hydrolysate was run at five levels, and 
six tubes were employed at each level of standard and sample in the experiments with 
Leuconostoc mesenteroides. The histidine values are corrected for the 6.21 per cent 
moisture and 0.55 per cent ash in the authors’ casein and for the 8.57 per cent mois- 
ture and 0.93 per cent ash in the 8. M. A. casein. 

t Values for authors’ casein. All other values are for 8S. M. A. casein. 

t Omitted in calculating the average value. 


probably were highly reliable, since average recoveries (Table VIII) of 
100.7, 100.0, and 102.9 per cent were calculated from thirty-two separate 
experiments on the recovery of histidine from three amino acid test mix- 
tures. It was reported previously (2) that casein contained 3.1 per cent 
of histidine, corrected for moisture and ash. 
Histidine in Silk Fibroin 

The histidine content of silk fibroin determined with Lactobacillus fer- 

menti under the experimental conditions given in Table [IX was found to 
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be 0.33 to 0.35 per cent, corrected for moisture and ash. Although these 
figures are in close agreement with those reported previously (2), it seems 


VIII 


Recovery of Histidine from Amino Acid Test Mixtures in Experiments with 
Leuconostoc mesenteroides P-60* 


Total amino 
acid level in basal 
medium 


| 


Incubation time | 


Histidine recovery 


Individual 


Average 


| 
| 


| 


days 


3 
4 
5 


per cent 


99.3 


100.7 


100.0 


102.9 


per cent 


* The standard histidine was run at fifteen levels, the amino acid test mixtures 
were run at five levels, and six tubes were employed at each level of standard and 


sample. 


t Omitted in calculating the average value. 


Test Mixture 3 contained 0.0446 per cent histidine. 


probable that they may be somewhat high, since recoveries of histidine 
added to silk fibroin hydrolysate were variable and, on the average, about 
7 per cent higher than the theoretical amount. 


It has been emphasized, 


| 
| | 
| 
mixture No. | | 

1 | l | 
| l | 100.4 | 
| | 103.9, 102.6, 
| | 98.7 | 
| | 99.8 | 
i | | 96.8 | | 
fi | | 101.3 | 
| | 102.6 | 
| | 104.8, 100.7 | 
f | | 100.7 | 
| 98.5 | 
2 | 100.2 | 
| | | 99.8 | 
99.0 | 
| 98.7 | 
| 98.2 | 
{ | 103.8 | 
| 98.1 | 
i | 101.4 | 
| 102.0 | | 
q 98 .0 | 
i 3 | 102.5 | 
| 101.1 | 
| 101.9 | 
104.1 | 
103.2 | 
108.17 | 
- 103.5 | f 
101.6 | 
| 104.3 | a. 
| | 103.5 | t 
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previously, that it is difficult to determine accurately amino acids which 
are present in low proportions in silk fibroin because of the high percentage 
of glycine, alanine, serine, and tyrosine in this protein. 


TaBLE IX 
Results of Assays of Histidine in Silk Fibroin Hydrolysate* 
1 day incubation time 2 days incubation time 
Ti 1 Ti ] 
of 0.0310 NaOH per Histidine found of 0.0310 x Ni aOH per Histidine found 
and ash) per tube tube tube 

Ranget Per tube Ranget Per tube 
y mil. ml. Y per cent mi. mil. Y per cent 

753 1.71-1.90 | 1.79 | 2.78 | 0.37 | 2.19-2.22 | 2.21 | 2.50)! 0.33 

1505 2.11-2.31 2.22 5.08 0.34 | 2.84-3.10 | 3.03 | 4.80 0.33 
2258 2.60-2.71 2.66 7.30) 0.33  3.84-4.24 | 3.95 7.50); 0.33 
3010 | 3.11-3.28 3.19 | 10.11 | 0.34 | 4.70-5.33 | 4.86 | 10.10 | 0.33 
3763 3.59-3 .7 3.68 12.92 | 0.34  5.51-6.59 6.29 14.50 0.39 


* Lactobacillus fermenti and the basal medium (Medium C, Table I (1)) with total 
amino acids 1.5 times the stated concentrations were employed. The average mean 
deviations from the mean at the different levels were 3.4 per cent (1 day’s incubation) 
and 5.4 per cent (2 daysincubation). With total amino acids 2.5 times the concentra- 
tions stated in Medium C, Table I (1), the corrected values 0.34 and 0.34 per cent 
(1 day’s incubation) and 0.33 and 0.35 per cent (2 days incubation) were found. 
In recovery experiments with total amino acids in the basal medium X 1.5, the 
recoveries of histidine were 111 and 109 per cent (1 day’s incubation) and 110 and 
106 (2 days incubation). In comparable experiments with total amino acids X 2.5, 
the recoveries of histidine were 109 and 83 (1 day’s incubation) and 108 and 121 
(2 days incubation). 

t Five or six replicate tubes at each level of sample. 


SUMMARY 


A satisfactory procedure for the determination of histidine in protein 
hydrolysates with Lactobacillus fermenti 36 has been described. The pre- 
ferred assay conditions were considered to be a 2 day incubation time, in- 
ocula dilutions of 1:5, and total amino acids in the basal medium 1.5 
times the concentrations stipulated in Medium C, Table I (1). 

It has been found by assay of two samples of casein with Lactobacillus 
fermenti 36 and Leuconostoc mesenteroides P-60 under varied experimental 
conditions that casein contains 3.0 + 0.1 per cent of histidine corrected 
for moisture and ash. It seems probable, therefore, that 3.0 + 0.1 per 
cent is the true value for the percentage of histidine in casein. The figure 
3.1 per cent was reported in an earlier paper (2). It is recognized, however, 
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that the extent to which histidine is destroyed or altered during the hy- 
drolysis of casein must be measured before the true value of histidine in 
this protein can be determined with certainty. It is considered probable, 
also, that samples of casein derived from different natural sources and 
prepared by different methods may not contain identical proportions of 
amino acids. 

Silk fibroin was found to contain 0.33 to 0.35 per cent of histidine cor- 
rected for moisture and ash by assay with Lactobacillus fermenti 36 under 
varied experimental conditions. Although the corrected value, 0.34 
per cent, was found previously (2) by assay with Leuconostoc mesenteroides 
P-60, it appears probable from experiments on the recovery of histidine 
from silk fibroin hydrolysates that these values may be higher than the 
true figure. 
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THE DETERMINATION OF CREATINE AND CREATININE 


By G. FREDERICK LAMBERT 


(From the Division of Biochemistry, Noyes Laboratory of Chemistry, University of 
Illinois, Urbana) 


(Received for publication, September 13, 1945) 


In conjunction with the amino acid studies upon human subjects carried 
out in this laboratory, the urinary creatine and creatinine excretions were 
measured. ‘These determinations were performed by the method of Folin 
(1), which was found to be quite satisfactory. Consequently, we were 
somewhat surprised by the report of Albanese and Wangerin (2) that con- 
siderable quantities of urinary creatine are not detectable by the Folin 
method. ‘They state that part of the creatinine is destroyed by the condi- 
tions used to convert creatine to creatinine and describe a modification of 
the method to correct for this destruction. 


In view of the results of Albanese and Wangerin a more careful study 


of the Folin procedure was undertaken. The experiments reported here 
do not confirm the claim that in the Folin determination of creatine con- 
siderable destruction of creatinine occurs. Certain serious defects of the 
Albanese modification are also described. 


EXPERIMENTAL 


Creatinine Determination —The method of Folin (1) was adapted to the 
Evelyn photoelectric colorimeter with the 520 mu filter. The picric acid 
was purified through sodium picrate as described by Benedict (3), and was 
tested for purity by the Folin and Doisy method (4). The saturated solu- 
tion of picric acid recommended by Folin was replaced by a 1.175 per cent 
solution, as was suggested by Peters (5). 

Creatinine was purified by conversion to the zine chloride salt and sub- 
sequent regeneration by treatment with ammonia (6). 


C,H:N;O. Caleulated, C 42.48, H 6.19; found, C 42.51, H 6.16 


A standard solution was prepared by dissolving 1 gm. of creatinine in 1 liter 
of 0.1 N HCl. In certain experiments in which the HCl was replaced by 
water a fresh standard solution was prepared each day to eliminate the 
possibility of decomposition. 

A modification of time factors in the determination was made as a result 
of a preliminary study. In the Folin procedure the mixture is diluted to 
100 ml. 10 minutes after the addition of the sodium hydroxide and picric 
acid solutions and then read immediately. In the concentrations adapt- 
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able to the Evelyn photoelectric colorimeter the color is completely devel. 
oped at the end of 3 minutes. To allow a factor of safety we dilute the 
mixture to volume 6 minutes after the addition of the sodium hydroxide and 
picric acid solutions. The color of the diluted solution fades slightly for 
approximately 16 minutes and then remains stable for several hours. This 
fading occurs irrespective of the length of time that the color is allowed to 
develop before dilution. It has been found convenient to determine the 
color intensity 20 minutes after the dilution to volume. 


TaBLe I 
Decomposition of Creatinine by Autoclaving with Picric Acid at 121° 


The indicated quantity of creatinine dissolved in 1 ml. of either water or 0.1 x 
HC] was autoclaved with 20 ml. of picrie acid solution. 


| Solvent for cratinine | deter | Creatinine Creatinine decompon- 
min. meg. meg. per cent 
20 Water 6 0.200 0.196-0.199 0.8 
20 0.1 Nn HCl 11 0.200 0.197-0.200 0.7 
20 6 0.500 0.495-0 502 0.4 
40 Water 6 0.200 0.198-0.199 0.7 
40 0.1 nN HCl 6 0.100 0.095-0.101 1.0 
40 6 0.200 0.196-0.199 1.2 
40 11 0.500 0.493-0. 502 1.0 
60 Water 5 0.200 0.190-0.196 3.6 
60 0.1 ~n HCl 6 0.200 0.190-0.193 4.1 
80 Water 6 0.200 0.192-0.196 3.0 


Creatine Determination—Creatine was purified by recrystallizing from 
water and drying at 120° for 24 hours. 


C,H,N;0:. Calculated, C 36.64, H 6.87; found, C 36.89, H 6.92 


A standard solution was prepared by dissolving 1 gm. of creatine in | liter 
of water. This was freshly prepared each day to avoid decomposition. 

Decomposition of Creatinine—A study was first made of the stability of 
creatinine under the experimental conditions used for the. conversion of 
creatine to creatinine. To a measured quantity of creatinine were added 
20 ml. of picric acid solution and the mixture was then treated by either the 
autoclave or boiling method of Folin (1). Approximately 2 hours on & 
hot-plate were required in the boiling method to attain the original volume. 
Varying periods of time were used in the autoclave procedure as shown it 
Tables Ito IV. The amount of creatinine decomposition was then deter- 
mined by colorimetric measurement. 
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In twelve repetitions of the experiment in which the boiling method was 
employed, 96 to 99 per cent of the creatinine was recovered unchanged, 
with an average recovery of 98 per cent. In Table I is shown the creatinine 
decomposition that occurred under the conditions used for the determina- 
tion of creatine by the autoclave procedure. The experiments in which 
water served as solvent in the standard creatinine solutions are more 
comparable to a urinary creatine determination than are those in which 0.1.N 
HCl was the solvent. The latter were included for a comparison between 
our results and those of Albanese. In all of the present experiments the 
creatinine decomposition was slight and never more than one-half of the 9 
per cent value reported by Albanese and Wangerin. It would appear from 
these results that the small destruction of creatinine in the Folin creatine 
determination is not a serious error in the method. 


TaBLe II 
Decomposition of Creatinine by Autoclaving at 121° without Picric Acid 
0.2 mg. of creatinine dissolved in 1 ml. of either water or 0.1 N HC] was autoclaved. 


Autoclaving time | | | decompontion, 
min. | | meg. | per cent 
20 | HCl 6 0.192-0.199 2.8 
20 Water 6 ——-0.1638-0.170 16.6 
40 0.1 HCl 11 -0.187-0.192 5.5 
40 Water 6 | 0.152-0.158 | 22.2 
60 (0.1. HCl 6 0.184-0.192 | 6.1 
5 | 0.182-0.187 | 7.6 


In the Albanese modification to correct for the creatinine decomposition, 
the creatine is determined as the difference between the total creatinine 
following autoclaving with picric acid and the preformed creatinine fol- 
lowing autoclaving without picric acid. This method is applicable only 
if the quantity of creatinine destroyed by autoclaving is the same irrespec- 
tive of the presence or absence of picric acid A comparison between 
Table I and Table II indicates that this is not the case. 

When an aqueous solution of creatinine was autoclaved without picric 
acid, considerable quantities disappeared. The presence of 0.1 N HCl 
aided in suppressing this decomposition but picric acid was even more 
effective in this respect. The HCl solutions used in the tests summarized 
in Table II showed pH values of 1.0. Albanese and Wangerin (2) added 
HCl to urine samples with a resultant pH of 4 to 5 before diluting to a 
standard volume. Since the extent of creatinine destruction by auto- 
claving without picric acid is dependent upon the pH, it is probable that a 
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greater destruction will be obtained when urine samples of pH 4 to 5 are 
so autoclaved than when 0.1 N HCl solutions are autoclaved. In any 
event, considerable destruction of creatinine occurs irrespective of the pH 
when autoclaving is carried out in the absence of picric acid. Thus the 
creatinine destruction in the determination of preformed creatinine and 
the very slight destruction in the determination of total creatinine result 
in creatine values which are too high. Incidentally, it urine is preserved by. 


TaBLe III 
Conversion of Creatine to Creatinine 


1 ml. of an aqueous solution containing 0.2 mg. of creatine was treated with 20 ml, 
of picric acid solution. The theoretical amount of creatinine to be recovered is 
0.173 mg. 


| min. ete me. per cent 
Boiling... .. 17 | 0.167-0.176 =| (98.4 
Autoclave......... | 20 20 0.113-0.134 70.8 
| 12 40 0.155-0.159 91.3 
| 12 60 0.1644). 167 95.1 
| 17 SU) 0.1674).171 | 98.0 
| 6 100) 0.167-0.170 | 97 .6 
TaBie IV 
Determination of Creatine in Mixture of Creatine and Creatinine 
| 
No. of iheoretica | Conver 
: Creat Creat t Actual t | 
| 
| me. | me. | me. | me. | per cent 
7 0.200 0.200 0.373 -0.365-0..370 97.5 
ak 10 0.100 0.100 0.186 0.180-0.189 97.7 
80 min., autoclave.. 5 , 0.100 | 0.100 | 0.186 0.184-0.185 | 98.4 


toluene in the usual manner without the addition of HCI, the Albanese and 
Wangerin modification gives extremely high creatine values. It must be 
concluded that the Folin method is much more accurate than the Albanese 
modification. 

Conversion of Creatine to Creatinine—The efficiency of the conversion of 
creatine to creatinine was studied by subjecting standard aqueous creatine 
solutions to either the Folin boiling or autoclave method (1). The data 
are presented in Table IIT. 

The boiling procedure gave an average conversion of 98.4 per cent, which 
is considerably better than the 86 per cent reported by Albanese and Wan- 
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gerin (2). In the case of the autoclave method the extent of conversion 
increased with increasing autoclaving time until a maximum of 98 per cent 
was attained at 80 minutes. This compares with the 93 per cent value 
obtained by Albanese at the end of 60 minutes. 

The creatine conversion was also studied by adding a standard solution 
of creatine to a standard solution of creatinine and treating the resultant 
mixture by the boiling or 80 minute autoclaving procedure. The results 
are shown in Table IV. Again either method produced a 97 to 98 per cent 
conversion. It would appear that both procedures give excellent results 
in the determination of creatine. 


SUMMARY 


1. A study was made of the Folin method for the determination of crea- 
tine. The report that considerable quantities of creatinine are destroyed 
by the conditions used for the conversion of creatine to creatinine was not 
confirmed. 

2. Creatinine is destroyed only slightly when autoclaved with picric acid 
but to a considerable extent when autoclaved without picric acid. There- 
fore, the Albanese and Wangerin modification vields creatine values that 
are too high. 

3. Either the boiling or autoclave method of Folin produces a 97 to 98 
per cent conversion of creatine to creatinine. For the autoclave procedure 
the optimum conversion occurs in 80 minutes at 121°. 

4. A slight modification of time factors is described for adapting the 
creatine and creatinine determinations to the Evelyn photoelectric color- 


imeter. 
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THE DETERMINATION OF CATECHOL, PHENOL, AND 
HYDROQUINONE IN URINE 


By HARRY D. BAERNSTEIN 


(From the Industrial Hygiene Research Laboratory, National Institute of Health, 
Bethesda, Maryland) 


(Received for publication, September 22, 1945) 


There have been many methods devised for the determination of urinary 
phenols based on colorimetric, gravimetric, and titrimetric procedures, but 
few of them include quantitative determinations of hydroquinone and 
catechol. These two phenols are produced in considerable amounts in 
animals exposed to benzene (1) and since we wished to study this problem 
further a convenient method of analysis had to be devised. 

The present paper describes a relatively simple method for the determina- 
tion of catechol, phenol, and hydroquinone in urine. All titrations are 
made with a single solution and only one primary standard, potassium 
bromate, is required. 

Reagents— 

2 mM pyridine-acetate buffer. 160 ml. of pyridine and 10 ml. of glacial 
acetic acid diluted to 1 liter; pH 6.5. 

Lead acetate solution, 37.9 gm. of Pb(CH;COO).-3H,O per liter. Add 
1 ml. of glacial acetic acid. 

Potassium iodate solution, saturated. 

Sodium hydroxide solution, 30 per cent. 

0.2 N bromate-bromide solution. 5.568 gm. of KBrO; and 20 gm. of 
KBr per liter. 

0.2 n sodium sulfite solution. 12.6 gm. of anhydrous NaSO, per liter 
protected from air by CQO, and standardized frequently against the bromate 
solution. 

Ethyl alcohol, 95 per cent. 

Ether, washed with sodium hydroxide-potassium permanganate solu- 
tion until aleohol and aldehyde are absent, and then distilled. 

Sodium bicarbonate, 10 grain tablets and powder. 

Hydrolysis of Phenolic Esters—Hydrolysis of the esters is carried out in 
the extraction tube in the inverted position, A, Fig. 1. 

Measure 25 ml. of centrifuged urine! into an extraction tube and add 8 
drops of concentrated sulfuric acid. Insert a rubber stoprer and tip the 
tube in a horizontal position with the side arm up until the CO, has 


‘With acid urines containing no precipitated carbonates no centrifuging is 
required. 
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escaped. The pH is now about 1.0, which is adequate for hydrolysis of 


the esters in 2 hours at 100°. 
The adapter is connected to the side arm and to the condenser with the 


extraction tube immersed in boiling water. 


CM. 


Fic. 1. Apparatus for the hydrolysis and extraction of urine and concentration 
of the extract. The letters represent the respective positions. 


Extraction of Phenols at pH 7.0—After hydrolysis of the esters at pH 1.0, 
the extraction tube is removed from the bath and the urine is saturated 
with sodium sulfite. This neutralizes sulfuric and phenolic acids and 
brings the pH up to 7. The mono- and diphenols may, however, be quan- 
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titatively extracted and the extract does not need further washing. Sulfite 
has the advantage over bicarbonate in furnishing SO, for reduction of any 
quinones which may have formed. 

The urine is cooled and the apparatus is assembled for extraction as in B, 
Fig. 1. The glass wool plug on the funnel tube aids in the separation of 

- ether from the urine. A few small pieces of pumice (40 mesh) are added to 
the ether boiler to prevent bumping. The water bath is kept at 55° and 
extraction is continued for 4 hours. 

The rate of extraction may be considerably increased by wrapping a strip 
of lead (not shown) in a spiral around the lower third of the funnel tube. 
This facilitates saturation of each drop of ether which passes through the 
urine. By this means extraction is complete in about 3 hours, provided 
the rate of ether vaporization is maximal. This can be assured by keeping 
the boiling tubes filled about two-thirds full of ether. It has been shown 
that the rate of ether vaporization in the long narrow tubes with pumice 
present is dependent on the height of the ether column. This follows from 
the fact that the whole column is full of bubbles and therefore the effective 
surface for evaporation of ether is greatly in excess of the cross-sectional 
area of the tube. 

Concentration of Extract and Collection of Ether—When extraction is 
completed, the extract is concentrated to dryness by inserting the collection 
flask as shown in position C, Fig. 1, first with the funnel tube in place and 
second with the funnel tube removed. Water is added to the urine to 
displace nearly all the ether from the extraction tube into the ether boiler. 
Concentration of the extract is then completed. 

The ether may be used over again without further treatment. 


Analysis of Extract 


Separation of Catechol—After extraction and concentration of the extract, 
catechol is separated as the lead salt at pH 6.5. 

A battery of small sintered glass funnels, of medium porosity,? mounted 
for suction filtration is used for the separations to follow. 

About 2.0 ml. of 0.1 m lead acetate solution are placed in one of the fun- 
nels. 3 ml. of 2 m pyridine-acetate buffer, pH 6.5, are added to the con- 
centrated extract in the ether boiler and this is rinsed into the funnel with 
a few ml. of water. The mixture is stirred and catechol is immediately 
and quantitatively precipitated as a lead salt. After a minute it settles 
out, and is filtered with suction. The filtrate containing phenol and 
hydroquinone is received in a 100 ml. wide mouth, screw cap bottle? The 


* Pyrex, catalogue No. 33730. 
*A.H. Thomas 4 ounce bottle, No. 6254; plastic caps, No. 2849. Remove the cork 
liner and pour in a layer of paraffin to protect the cap from bromine fumes. 
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precipitate is washed free of soluble lead salt with a minimum of water 
(about 12 ml.) which is added to the filtrate and treated as described in 
the following section. 

The precipitate of lead catecholate is dissolved with 2 ml. of glacial acetic 
acid and washed into a 150 ml. beaker with water. An excess of saturated 
potassium iodate solution is added and the mixture heated on a hot-plate 
until lead iodate settles out. (Catechol is oxidized by iodate to a soluble 
red substance the color of which gives a useful index of the amount of 
catechol present.) | 

Lead iodate is filtered cold and washed, the filtrate discarded, and the 
original beaker in which precipitation occurred is returned as the receiver, 
Lead iodate is dissolved with 2 ml. of 30 per cent sodium hydroxide and 
washed into the beaker. 1.0 ml. of concentrated sulfuric acid and 0.5 gm. 
of potassium iodide are added, and the liberated iodine titrated with 0.2 
n sodium sulfite solution, a platinum-platinum polarized electrode being 
used as indicator. 

While it is true that thiosulfate and starch indicator may be used inthis 
titration, sulfite must be used in the phenol determination and the electrode 
must be used in the hydroquinone determination. All three titrations may 
be made with sulfite and the electrode indicator. 

Sulfite must be protected from oxidation by the air, preferably by storing 
it under an inert gas such as carbon dioxide. When properly protected 
the solution is stable indefinitely. We have found the following arrange- 
ment perfectly satisfactory: A 5.0 ml. micro burette graduated in hun- 
dredths of a ml. is fitted with a 3-way stop-cock and is filled by siphon from 
a 4 liter stock bottle. The latter is connected to a Kipp generator for CQ; 
and the top of the burette is connected to the CO, space by means of a 
glass tube. Short rubber connections must be used throughout. 

Calculation— 

(S— B)xXN xX 110.1 
12 


S = ml. of sulfite used for the sample, B = ml. of sulfite used for the 
blank, N = the normality of the sulfite. 

The blank for benzene-exposed animals is a sample of urine taken before 
exposure and treated exactly as the sample after exposure is treated. 

For other purposes 25 ml. of water may be substituted for urine. These 
blanks are usually very small and for some purposes entirely negligible. 
Determination of Phenol—The filtrate from lead catecholate is acidified 
with 1.0 ml. of concentrated sulfuric acid and 5.0 ml. of 0.2 n bromate 
bromide mixture are added. This is sufficient to brominate about 8.0 mg. 


‘ Before the funnels are used again they must be washed with acid and water. 


Mg. catechol = 
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of phenol under these conditions. A small vial containing about 1.0 gm. 
of potassium iodide is placed in the bottle and the cap is screwed on.° 


After about 30 minutes, when bromination is complete, the vial is tipped 


over and the excess bromine liberates an equivalent quantity of iodine from 


the iodide. ‘The bottle is opened and the vial removed and washed care- 


fully with alcohol, the washings being added to the mixture in the bottle. 
Alcohol is used in order to bring any precipitated iodine into solution and 
to prevent the precipitation of oxidized hydroquinone in the next step of 
the analysis. 

The iodine is titrated with 0.2 Nn sulfite solution, the electrode being 
used as indicator. 

Calculation— 
(B — N X 94.11 

6 


B, S, and N have the same significance as the corresponding symbols in 
the catechol determination. 

It will be observed that this procedure is an adaptation of the Koppes- 
chaar method (2) for phenol. The change from thiosulfate to sulfite was 
necessary because hydroquinone is to be determined in the same mixture. 

It was shown that tetrathionate resulting from the oxidation of thiosul- 
fate was further oxidized by iodine after the acid was neutralized by bicar- 
bonate. Sulfite, on the other hand, is oxidized to sulfate, which is stable in 
bicarbonate buffer. 

Determination of Hydroquinone—In our early experiments we used 
acetate buffer to control pH in the catechol precipitation. The buffer 


Mg. phenol = 


O 


1,1’,1”-(2,5-Dihydro-3-hydroxy -2,5-dioxo-p-phenylene) - 
tripyridinium betaine diiodide 


* A convenient indication that an excess of bromine is present is the color of the 
potassium iodide in the vial. If it is brown on top, sufficient bromate was added. 
If after about 10 minutes the potassium iodide is not brown, the bottle may be 
opened and another 5.0 ml. of bromate solution added. When only 0.5 ml. of sulfuric 


acid was used, the bromine uptake was too high and the subsequent hydroquinone 
recovery was low. 
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appeared with phenol and hydroquinone in the filtrate. Under thege 
conditions hydroquinone consumed 2 equivalents of iodine per mole and 
quinone was formed. 

When pyridine was substituted for acetate, hydroquinone consumed 10 
equivalents of iodine per mole and a new compound was formed having the 
probable structure (3) shown in the accompanying diagram. 

The procedure is as follows: The mixture from the phenol determination 
still contains unchanged hydroquinone. Add 5.0 ml. of potassium bro- 
mate-bromide solution which liberates an excess of zodine, since KI is also 
present at this point. The bottle is covered with a watch-glass and the 
sulfuric acid is neutralized by adding three sodium bicarbonate tablets, one 
at atime. It was found impractical to use the powder at first because of 
the spraying resulting from the rapid release of carbon dioxide. After the 
tablets have dissolved, an excess of powdered sodium bicarbonate is added. 


I 
Recovery of Phenols 

Found without extraction Found with extraction from urine 
Catechol Phenol | Hydroquinone Catechol | Phenol | Hydroquinone 

me. ms. me. | 

4.4 436 | 4.47 | 4.36 ‘ay 

6.6 6.62 | 6.30 | 6.54 6.14 6.26 | 6.71 

8.8 8.96 | 8.48 | 8.72 | 8.79 8.87 | 8.69 


The watch-glass is rinsed with alcohol and the mixture allowed to stand for 
1 hour, after which it is titrated with sulfite. 

During the oxidation of hydroquinone a red precipitate sometimes ap- 
pears. This must be brought back into solution by the addition of a few 
ml. of aleohol. If it is allowed to remain separated, the oxidation will be 
incomplete and the end-point in the titration of excess iodine will be uncer- 
tain, since the precipitate carries down free iodine. 

Calculation— 

(B—S) XN X 110.1 
10 


Mg. hydroquinone = 


B, S, and N have same significance as above. 

A few typical analyses are given in Table I. ‘The first recoveries were 
made by analysis of a mixture of standard solutions of the three phenols 
without extraction; the second recoveries were made by adding the three 
standard solutions to 25 ml. of normal human urine and analyzing the mix- 
ture.as described. A urine blank was also analyzed and the values found 
were subtracted from the totals to give those in Table I. 
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Fig. 2 is a typical set of curves showing the excretion of phenol, hydro- 
quinone, and catechol by a rabbit during a series of injections of benzene 
in olive oil. ~ 

It will be observed that all curves are roughly parallel, which suggests 
a dependence of the secondary products of oxidation (hydroquinone and 
catechol) on the concentration of the primary product (phenol). 

The peak occurred at the 9th day and, in spite of continued injections, the 
amount of urinary phenols declined sharply and the rabbit died on the 17th 
day. 
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Fig. 2. Excretion of phenol (Curve P), hydroquinone (Curve H), and catechol 
(Curve C) by a rabbit during the daily subcutaneous injection of 2 ml. of benzene in 
2 ml. of olive oil. 


The count of white blood cells declined from 11,000 on the 2nd day to less 
than 1000 on the 17th. 
Further studies are in progress. 


DISCUSSION 


The specificity of these reactions is obviously not absolute. It is es- 
pecially important that no trace of urine be allowed to pass into the ether 
boiler and with certain urines this has been a difficult problem. Con- 
tamination with urine is easily discovered during the precipitation of cate- 
chol, for a heavy rather insoluble precipitate of lead sulfate, phosphate, 
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and phenolic acids is produced. These determinations must be discarded. 
‘‘Phenol”’ determinations on such urines are also high. Acetone and other 
ketones will react like hydroquinone. 

Our “phenol” fraction contains p-cresol and other substances such ag 
alcohols, which can reduce bromine. 

In spite of these interferences our results indicate that for urine of rabbits 
exposed to benzene, at least, the interpretations are usually uncomplicated 
and suitable controls can be devised. 


SUMMARY 


1. A system of analysis of urine for catechol, phenol, and hydroquinone 
has been described. 

2. The extraction of phenols from urine has been improved by the use 
of sodium sulfite buffer which keeps diphenols reduced and holds back 
ether-soluble acids. 

3. The precipitation of lead catecholate from the ether extract is con- 
trolled at pH 6.5 by the use of pyridine-acetate buffer and the separation 
of the lead as iodate instead of the usual chromate yields more iodine per 
atom of lead. 

4. It has been shown that phenol may be brominated in the presence of 


hydroquinone, provided sufficient acid is present. 


5. A new oxidation of hydroquinone is utilized in which 10 atoms of 
iodine are reduced per mole, resulting in the formation of a tripyridinium 
quinone betaine. 

6. The methods are simple and fairly specific when the separations are 
successful. They have been applied to the analysis of rabbit urine during 
exposure to benzene and a typical set of curves is given. 
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CONSTITUENTS OF THE BLOOD OF THE HIBERNATING AND 
NORMAL RATTLESNAKE, CROTALUS HORRIDUS 


By EMMETT B. CARMICHAEL anp PAUL W. PETCHER 


(From the Department of Physiological Chemistry, School of Medicine, University of 
Alabama, University) 


(Received for publication, September 24, 1945) 


Studies of the blood chemistry of hibernating animals have not been 
numerous but they have been made on both carnivorous and herbivorous 
animals. 

Vierordt (1) in 1854 found that in the European marmot the red blood 
corpuscles dropped from 5,800,000 per c.mm. at the beginning of a winter 
sleep to 2,300,000 at the end of hibernation. Valetin (2) and Quincke (3) 
in 1881 confirmed Vierordt’s findings. Quincke (3) found 64 per cent of 
the normal amount of hemoglobin in the hibernating marmot. Dubois 
(4) in 1896 confirmed the studies of the above authors and attributed the 
decrease in the red cells to an actual destruction of these cells. 

In 1916, Rasmussen (5) found that there was about a 20 per cent decrease 
in red cells and hemoglobin after the hibernating American woodchuck 
had eaten and had drunk. 

Luck and Keeler (6) reported on the blood chemistry of two species of 
rattlesnakes, Crotalus atrox and Crotalus oregonus. None of their animals 
would eat and so they resorted to forced feeding of the former species; and 
since the latter were small and abundant locally, they bled each animal 
only once and then within 3 days to 4 weeks of capture. <A period of at 
least 5 days was allowed to elapse after feeding before sampling, and no 
animal was bled more than once a week. 

We studied the blood chemistry of the same snake (Crotalus horridus, 
timber rattler) during a winter fast and then again after several weeks of 
feeding. The animal was caught near Tuscaloosa, Alabama; its diet has 
consisted of small rodents, birds, and water. It usually eats periodically 
from early spring up to and including August. However, in 1942, it did 
not eat after July. In 1944, the animal took food the last time on August 
28. It became sluggish (hibernating) early in the fall, although it was 
kept in the laboratory which had a temperature of about 24° during the 
daytime and was occasionally as low as 4.4° during some nights. The 
animal became active in March, 1945, and shed its skin on March 30, 1945. 
The snake was 44 inches long and weighed about 1700 gm. 


EXPERIMENTAL 

We took a 27.7 cc. sample of heart blood on April 7. The following 

determinations were made on this blood, which was from the hibernating 
693 
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694 RATTLESNAKE BLOOD 
; animal: non-protein N (7), urea N (8), amino acid N (9), uric acid (10), | 
| creatine (8), creatinine (8), chlorides (11), inorganic phosphorus (12), 
a lipoid phosphorus (13), cholesterol (14), reducing sugar (15), calcium 
4 - (16), magnesium (16), hemoglobin, the number of red blood corpuseles, 
fe and the volume of the corpuscles. 
TABLE | 
j Composition of Rattlesnake Blood | 
Crotalus ore- Crotalus horridus 
Crotalus atrox (Luck and Keeler) gomus (Luck and 
eeler) Hibernating Normal] (active) 
ie | me. per cent mg. per cent meg. per cent me. per cent ! 
Non-protein N. .| 23.4, 20.5, 18.8, 25.3 33.71" 35.99" 
0, 0-1.7, 0.5-1 5,0-0.7) 0 5.47* 11.36" 
Amino acid N.. .} 14.7, 17.9, 15.9, 15.8 21.3, 25.9 22.86* 22 . 18° 
4 Uric acid........ 1.9, 1.2, 1.2, 2.3, 2.6 1.5 1.32* 2.99* 
Creatine......... | 4.7,4.8 5.3 2.81* 2.88" 
Creatinine....... 1.1, 1.3 1.2 1.13° 1.37 
ff Chlorides (NaCl); 780, 783, 791 624* 650* 
Inorganic P...... 5.2 10.0, 10.7 4.06t 10.615 
Lipoid P........} 19, 14, 11, 17 21.46f 18. 25f ( 
Cholesterol... ... 99, 101 172 145.76t 149.38} i 
Reducing sugar. 50, 67, 68, 54 48, 48 60. 20* 62.62° 
Calcium......... 8.17+ 24.s0¢f 
Magnesium...... 1.95t¢ 2.4t r 
Red ecells........ 1,520,000 (1,140,000 
Cell volume..... 44.97} 34.17} 
Hemoglobin | 
* Folin and Wu protein-free filtrate. 
+ Serum. 
t Whole blood. 
#F The snake took the first food on April 13 and by June 18 it had ingested " 
= 1464 gm. of food. On July 1 (12 weeks after the first sample and 12 days fi 
a after the last food was ingested) we took 34.2 cc. of heart blood and the 
s above determinations were repeated. lo 
Results tk 
: The results are presented in the last two columns of Table I. The cor} 4, 
responding values obtained by Luck and Keeler (6) for the first eleven blood 
constituents are included for comparison. th 
There was about a 125 per cent increase in uric acid content of the normal 
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specimen over the hibernating specimen. ‘The inorganic phosphorus of 
serum was about 75 per cent higher in the normal specimen. The lipoid 
phosphorus was slightly lower in the normal specimen than it was in the 
blood of the hibernating animal. The serum cholesterol increased about 
65 per cent after the animal took food. However, the cholesterol content 
of the whole blood of the fed animal was of the same order as that of the 
serum when the animal was hibernating. ‘There was about a 200 per cent 
increase in calcium and a 23 per cent increase in magnesium. 

There is a 25 per cent decrease in the number of red blood cells and a 24 
per cent decrease in the volume of cells in the blood following a 12 week 
feeding period. In spite of the lowered red cell count in the normal speci- 
men, the hemoglobin content rose slightly. 


DISCUSSION 


There seems to be a variation in the blood chemistry of the species of 
rattlesnakes reported by Luck and Keeler (6) and that of Crotalus horridus. 
However, it is difficult to make a comparative analysis of the results re- 
ported by the above authors and our findings, since they used many ani- 
mals and apparently did not make a complete analysis on a single specimen 
of blood from either species. Their results only show possible ranges 
in values for different blood constituents for animals under their special 
handling conditions. It is interesting to note that some of our results 
are of the same order as those obtained by Luck: and seclet (6) in their 
random sampling, while others vary markedly. 

The length of the fasts in Luck and Keeler’s ©) sintinale: was ‘not 
controlled. 

The urea values by the Folin and Wu method (8). are higher than those 
reported by Luck and Keeler (6) on other species of rattlesnakes. How- 
ever, the Folin and Wu method (8) is reported to give high values in the 
ease of birds (17). 

The high uric acid value of our normal specimen may be explained by 
the fact that this substance accounts for the major part of nitrogenous 
waste in snakes and that the snake’s metabolism was at a higher level 
following the ingestion of food. 

The creatine value for the blood of Crotalus horridus was somewhat 
lower than that of either Crotalus atrox (6) or Crotalus oregonus (6), although 
the creatinine of all three species was of the same order. 

The chlorides showed a small increase in the normal specimen, and in 
both specimens the values were lower than that for Crotalus atrox (6). 

The high calcium value in the feeding animal is probably due to the fact 
that it ingested almost its own weight of whole animals during 9.5 weeks. 

The decrease in the number of red blood cells was probably influenced 
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by the large sample of blood taken. The hemoglobin content was slightly 
op increased in the well fed animal, and since there was a decrease in the 
+ number of corpuscles, each cell carried more hemoglobin than it did in the 
hibernating animal. 


SUMMARY 


ef 1. Blood analyses were made on both hibernating and normal samples of 
i blood from the same rattlesnake, Crotalus horridus. 
2. There was a marked increase in the following constituents in the nor- 
mal specimen when compared with the hibernating blood: urea nitrogen, 
uric acid, inorganic phosphorus, cholesterol, calcium, and magnesium. 
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THE EFFECT OF PHOSPHATE ON THE SOLUBILITY OF 
CALCIUM CARBONATE AND OF BICARBONATE ON 
THE SOLUBILITY OF CALCIUM AND MAGNESIUM 

PHOSPHATES 


By ISIDOR GREENWALD 


(From the Department of Chemistry, New York University College of Medicine 
New York) 


(Received for publication, August 30, 1945) 


In 1925, Holt, La Mer, and Chown (13 reported that the apparent solu- 
bility product [Ca**]*[PO,=}? was greater in a solution of inorganic salts 
approximating the composition of serum than it was in solutions of sodium 
chloride of the same ionic strength. Very shortly thereafter, Sendroy and 
Hastings (2) recalculated values for pK’,, Ca3(PQO,)2 from the data of Holt, 
La Mer, and Chown and also reported extensive data of their own. Ac- 
cording to Sendroy and Hastings, the solubility of calcium phosphate was 
the same in “‘serum salt’ solutions as in sodium chloride solutions and was 
between those values calculated from the data of Holt, La Mer, and Chown 
for the solubility in sodium chloride and in “‘serum salt” solutions. Sen- 
droy and Hastings suggested (p. 821) that the latter difference might be 
due to the ‘‘use of what may be uncertain values for the first or the third 
stoichiometric dissociation constant of phosphoric acid at such low paH*,”’ 
but they seem to have made no attempt to calculate whether or not any 
conceivable error in these dissociation constants could have accounted for 
the observed 100-fold change in the apparent solubility product. We have 
made such calculations and do not find that any conceivable error in any, 
or all, of the values for the dissociation constants of phosphoric acid could 
produce any significantly different effect upon the ratio of PO, to total 
phosphorus at pH 5.2 or 7.7, which represent the extreme values in the two 
sets of experiments by Holt, La Mer, and Chown. 

The “serum salt” solutions employed by Holt, La Mer, and Chown con- 
tained, besides calcium hydroxide and phosphoric acid, sodium, potassium, 
and magnesium chlorides and sodium bicarbonate. We have since 
reported evidence for the existence, in solution, of undissociated calcium 
and magnesium carbonate, bicarbonate, and phosphate (3, 4). However, 
the amounts of such complexes that could have been present could account 
for only a small part of the observed greater solubility in ‘serum salt’’ 
compared with that in sodium chloride solutions. 

The composition of the ‘‘serum salt” solutions used by Sendroy and Hast- 
ings is not given. They do not seem to have contained magnesium. 
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Moreover, it is stated ((2) p. 799) that, in the ‘‘sodium chloride” series, the | 


ionic strength up to 0.03 m was furnished by sodium bicarbonate and only 
above that by sodium chloride. This suggested that the greater solubility. 
in “serum salt’ solutions observed by Holt, La Mer, and Chown might 
have been due to the bicarbonate. If this were the case, no difference ip | 


solubility was to be expected in the two series of experiments by Sendroy 
and Hastings, since both contained bicarbonate. 

It was obviously desirable to repeat the work, with sodium chloride. 
and bicarbonate-containing solutions at approximately the same pH. _ 


| 
Solubility of Calcium Phosphate in Sodium Chloride Solutions (u = 0.155) 


— Log 


Experiment pH Ca P CaHPO, 
moles X 108 moles | moles 10° | 
834* 6.80 710 780 8 | 2.67 | 
836* _ 7.05 477 622 6 | 2.68 
837* 7.18 423 597 6 | 2.53 
838* 7.33 292 ey 4 2.75 
839* 8.02 106 432 1 2.68 
931t 6.95 5 2.90 
932t 7.02 770 330 5 2.68 
6.80 784 5 3.05 
934 6.70 1135 525 10 | 2.80 | 
935t 6.68 1300 2.38 
Average, calculated from values for (Ca**]*{HPO,7]*/[aH*]?..... 2.678 + 0.067 
* Equilibrated for 29 days. 


+t Equilibrated for 60 days. 


EXPERIMENTAL 


The general conduct of the experiments and the methods of analysis 
were those reported in previous work (3-5). The bicarbonate content was 
determined by adding an excess of standard acid, boiling to expel C0, 
titrating the excess acid, and correcting for the phosphate present and, in 
the more alkaline solutions, for the amount of carbonate. Total carbon 
dioxide was then calculated. 

The mixtures were kept at room temperature, about 22°, for the periods 
indicated in Tables I to IV, and were shaken several times almost every 
day. 

The following constants were used: for H2COs, pK,’ = 6.34 and pK,’ = 
10.10; for HsPQ,, pK.’ = 6.78; for —log[Cat++][HCO;-]/[CaHCO;*] = 
0.81; for —log[Ca*+][CO;7]/[CaCO;] = 3.00; for —log 
(CaHPO,] = 1.50; and 0.77, 2.31, and 1.50 for the negative logarithms d 
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the instability constants of the corresponding magnesium complexes. 
For the calculations from the data of Sendroy and Hastings and for those 
calculated by them from the data of Holt, La Mer, and Chown, we em- 
ployed the constants used by Sendroy and Hastings for H2CO; and H3PO,, 
the instability constants given above, and —log{[Ca**}[HPO,}?/{aH*F 
= 4.11 (5). 


TABLe II 


Solubility of Calcium Phosphate and Calcium Carbonate in Solutions Containing Both 
HPO; and HCO; (u = 0.155); Equilibrated 20 to 80 days 


| Total Calcium as 
| | | | | Ss 
| | | | 23 
| | 
| | | 
| | | | 
moles | moles | moles : moles moles moles moles moles 
x | WK XK 106 108 | 106 x 106 x 108 x 10 
A, | 6.90 1485 1790 | 258 eS oe 9 20 490 1.43 
A; | 7.00 1250 1390; 260 51 5 7 19 | 38 | 1.31 
As | 7.15 1180 | 1360 | 255 6 28 292 | 1.37 
A, | 7.32 | S48 | 11900) 251 | 31 | 7 5 28 | 267 | 1.25 
Ao | 7.50 676 | 1090 | 251 207 1.20 
B, | 7.85 | 504 | 1010|-248 11 | 9 $73: 2 150 1.33 
| 8.30 274 «887 245 Ak bt 1.37 
B, | 8.63 | 824; 26: 2); W 1.31 
B, | 8.90 | 126 800; 23 1 | 1 47 1.27 


Initial [Ca] = 0.001 m; [P] = 0.00125 m; [CO.] = 0.025M. Solid phase as in experi- 
ments of Table I. [Ca**] in Series A calculated from —log[Ca**]*[HPO,“}?/[Ca- 
(CaPO,)2][(aH*}? = 2.678 (Table I). [{Ca**] in Series B calculated from pK,,CaCO, 
= 8.007 (3). —Log [aH*] = 8.3. 


The initial concentrations of Ca and P were 1.00 mm in Experiments 
834 to 839, 0 in Experiments 931 to 935 (Table I), and 1.25 mm in all the 
experiments of Table II. The solid phase, in the experiments of Tables I 
and II, was provided by the addition of 250 mg. per liter of Preparation 147. 
This was obtained by the slow addition (several days) of a liter of 0.02 m 
Na:HPO, to about 3 liters of a solution containing 0.18 mole of NaHCO; 
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and 0.033 mole of CaCl: This material was one of several prepared by 
various methods in an attempt to obtain a solid phase which might repr. | 
sent the actual solid phase in equilibrium with bicarbonate-phosphate soly. 
tions. The attempt was unsuccessful, and no further report will be made. 
The various preparations were crystalline, resembling CaHPQ, in fom, 
but had varying compositions. The particular material used in all the 
experiments reported in this paper contained, per 0.250 gm., 2.06 mm of 
Ca, 1.19 ma of P, and 0.32 mm of CO.. It did not remain crystalline, but 
became amorphous and, as may be calculated from the data in Tables] 
and II, the final composition of the solid phase varied, the ratio of calcium 
~ to phosphorus increasing with the pH of the mixture. 

It will be noted that, in Experiments Ay, A3, and Age, the final concen. 
trations of calcium and phosphorus were greater than the initial concen- 
trations. The apparent greater solubility cannot, therefore, be due to 
delayed precipitation. 


DISCUSSION 


It was quite apparent that the solubility of calcium phosphate was in- 
creased by the presence of bicarbonate and that the solubility of calcium 
carbonate was increased by the presence of phosphate. 

An attempt was made to interpret the results in terms of complex forma- 
tion. Inasmuch as it has already been shown (3, 4) that such solutions 
seem to contain CaHCO;*+ and CaHPQ,, it seemed possible that the latter 
should dissociate H* and that the remaining CaPO,; might combine with 
CaHCO;* to form a complex, Caz-H-PO,-CO;. It was postulated that 
the mixtures were actually saturated with either Ca(CaPQO,).2 (or some sub- 
stance sufficiently like this to permit the use of the product [Ca**]*[HPO,;} 
/{aH+}? as the limiting factor) or with CaCO;. Accordingly, the [Ca*] 
was calculated from the previously determined values of [Ca**]}*[HPO;}/ 
faH+}? (Table I), or of [Ca*++][(CO;-] (3) in sodium chloride solutions. The 
lower value for [Ca++] was adopted as a first approximation. With the 
previously established values for the instability constants of CaHPQ, 
CaHCO;*, and CaCOs, first approximations to the concentrations of each 
of these were calculated. The difference between the concentration d 
total calcium and that of the sum of the ionic calcium and the three pre 
viously postulated complexes was regarded as being due to the “‘new com- 
plex.” After the concentration of bound phosphorus and bound carbon 
dioxide had been subtracted from the respective totals, the calculation 
of the concentration of the different forms of calcium was repeated until 
there was no appreciable change. The values for —log{[Cat+]}(HPO;| 
{[HCO;-]/[Caz-H-PO,-CO;] [aH*] thus obtained were quite constant over 
a considerable range of pH, but showed a tendency to rise above pH 7.89. 
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This change seemed to be greater than could be accounted for by any 
error in analytical technique or in the choice of constants. It was recalled 
that CaHCO;* dissociates H+ and that —log[CaCO;][H*]/[CaHCO;-] = 
7.9(3). It was supposed that Ca2-H-PO,-CO; might similarly dissociate 
H+. Calculations, the results of which are summarized in the last three 
columns of Table II, indicate that this hypothesis may be correct and that, 
if so, the mid-point of the dissociation is at pH 8.3. If this assumption is 
made, the values for - PO,-COs][aH*] 
are reasonably constant over the whole range of pH, 6.90 to 9.01. 

This method of calculation was applied to the data of Sendroy and Hast- 
ings obtained at 38°. For —log[Ca}‘[HPO,-]?/[aH*}*, the value 4.11 pre- 
viously (5) calculated from the data of Holt, La Mer, and Chown, as re- 
calculated by Sendroy and Hastings, was employed. The values for in- 
stability constants of CaHPO,, CaHCO;*, and CaCO; were those obtained 
at room temperatures. This may have introduced a slight error. Be- 
cause the values for the instability constant showed no tendency to change 
as the pH varied between 7.18 and 7.64 and because, even at the latter pH, 
the concentration of (Caz-PO,-CO3)~ would still be expected to be small, 
the formation of the latter was neglected. Although the values for the 
concentration of the ‘‘new complex” are obtained by difference and reflect 
all the errors involved in the determination of the concentrations of three 
different constituents and the calculation of the concentrations of three 
others, the values for the instability constants of this hypothetical new com- 
plex show, for ten of the eleven experiments accepted by Sendroy and 
Hastings,! rather less variability than do those for the product [Ca**}* 
[PO-].2. The values for the means are 5.75 + 0.165 K 10~-? for the former, 
and 3.69 + 0.153 X& 10-?7 for the latter. 

In the foregoing calculations, we have assumed that the “‘serum salt” 
solutions employed by Sendroy and Hastings did not contain magnesium. 
It is obvious from a comparison of their Table VIII with their Table I 
that this was certainly true of Experiments 7’ and 7A’, which appear in 
both the sodium chloride and “‘serum salt’”’ series. Even if magnesium 
had originally been added, it is possible, even probable, that a considerable 
portion would have been precipitated, or adsorbed, onto the large amounts 
of solid calcium phosphate and carbonate that were added (1 gm. of each 
per 100 ml.). The mixtures employed by Holt, La Mer, and Chown did 
contain magnesium and, since, at the most, only 8.2 mm of phosphate were 
precipitated per liter, and no solid phase was added as such, probably very 
little magnesium was precipitated with the calcium phosphate. Therefore, 

1 Experiment 15 was omitted because an accurate value for the instability con- 


stant cannot be calculated because the concentration of phosphorus is so low that 
five-sixths of it is bound as complex, leaving only 10-5m present as free phosphate. 
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there must have been present, in solution, MgHCO;*, MgCOs, and Mg. 
HPO,. There was also the possibility of the formation of a complex similar 
to that postulated for calcium and of mixed complexes as well. 

The former of these possibilities was investigated by the determination 
of the solubility of magnesium phosphate in the presence and absence of 
bicarbonate. The apparent solubility product of MgHPO, had previously 
been determined by Tabor and Hastings (6) and the negative logarithm 
found to be 4.46 + 0.03,? at uw» = 0.16 and at 38°, over a rather narrow 
range of pH and of phosphate concentration. As may be seen from Tables 
III and IV, our values over a far greater range of pH, phosphate, and mag- 
nesium concentrations are similar to that of Tabor and Hastings, and are 
almost identical in the presence and in the absence of bicarbonate, 4.225 + 
0.067 and 4.12 + 0.03, respectively. The failure to find any such differ- 
ence as was observed with calcium phosphate may appear rather surpris- 
ing, but it must be remembered that magnesium carbonate and phosphate 
differ in other respects from the corresponding calcium compounds. Mag- 
nesium carbonate dissociates in water to form basic salts and even the hy- 
droxide, while calcium carbonate does not. On the other hand, the ap- 
parent solubility product for MgHPQO, is constant even up to pH 78 
(Table III) or pH 8.0 (Table IV), whereas with calcium the corresponding 
product fails at least 2 pH units below this and the precipitate obtained 
contains calcium and phosphorus in the atomic ratio of 1.5, or more, to 1. 

In calculations from the data of Holt, La Mer, and Chown, allowance 
was made for the formation of MgHCO;+, MgCO;, and MgHPO,, but 
not for the existence of mixed- complexes containing both magnesium and 
calcium. The apparent instability constants thus found varied between 
2.1 X 10°? and 4.7 X 10-*, with an average of 2.9 K 10-*. These are 
somewhat smaller than in the case of the experiments of Sendroy and 
Hastings. This difference may be the result of a systematic error due to 
differences in technique in the two laboratories or may, indeed, indicate 
the real existence of mixed complexes. 

It may occur to the reader that the hypothesis developed 'in this paper 
requires the assumption of the existence of five new substances and of five 
instability constants. In a sense that is true. However, the existence of 
three of these complexes and the validity of the corresponding constants 
have been established in previous publications (3, 4), and the existence of 
MgHPO, and the value of its instability constant have been verified by 
Tabor and Hastings (6). Therefore, it is now necessary to assume only 
the existence of a new pair of complexes, related to each other as acid and 
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? The calculation of the standard deviation is ours. 
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TaB_e III 

Solubility of Magnesium Phosphate in Absence of Bicarbonate E: 
Experiment | Equilibrated pH Mg | P pK’spMgHPO, 108 
days | moles X 10° moles X 108 

2 10.65 9.10 | 4.20 148 

5 14.5 | 12.8 4.04 124 

7 11 «66.91 | (18.5 | 12.25 | 4.01 136 

8 11 6.82 | 19.4 | 1.55 | 4.06 138 ‘ 
41 6 | 7.10 | 4.66 | 35.85 | 4.19 149 : 
42 6 | 7.10 | 4.26 | 35.45 | 4.23 149 4 
43 6 7.03 | 3.84 | 36.5 4.28 155 ; 

44 6 6.90 {| 4.2 | 38.8 4.30 149 ; 
109B 15 6.33 | 51.0 | 12.25 | 3.90 149 3 
woc | 15 | 6.33 | 6.3 | 6.13 | 4.14 165 i 
Average, calculated from average for ion product..... 4.12 + 0.03 is 
IV 
Solubility of Magnesium Phosphate in Presence of Bicarbonate 2 
days moles x 108 < 18 moles K 
1 2 | 6.78 | 87.0 | 2.48 | 2.2 | 4.41 157 . 
2 28 6.30 | 52.9 | 3.60 | 33.2 | 4.42 156 : 
4 32 6.40 40.8 2.85 7.31 4.54 | 121 
5 32 6.88 | 42.0 | 2.00 | 17.25 | 4.47 | 125 4 
6 35 6.80 | 41.3 | 2.18 | 14.0 | 4.47 | 122 e 
11 11 8.00 9.38 | 7.94 | 51.6 | 4.39 «(146 4 
12 11 | 7.80 14.0 | 7.90 | 38.8 | 4.21 147 ue 
13 2 | 7.629 | 10.1 | 9.10 | 0.3 | 4.2 135 4 
21 | 19 | 7.30 | 8.86 | 8.34 | 52.0 | 4.44 | 141 4 
2 | 7.22 | 0.1 | | 4.38 | 4.45 136 
3 | 7.12 | 10.75 | 9.86 | 31.7 | 4.41 | 130 if 
| 6.80 14.6 11.9 14.4 4.18 | 125 
51 | 14 7.32 | 10.1 | 40.0 50.7 | 3.77 166 4 
M | 7.22 | 6.13 | 35.2 50.5 4.11 | 158° 
7.200 5.92 | 338.7 4.05 | 187 

Average, calculated from average for ion product.... 4.225 + 0.067 _ 
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SUMMARY 


The solubility of calcium carbonate at 1 = 0.155 is increased by the 
presence of phosphate, and that of calcium phosphate is increased by the 
presence of bicarbonate. Data are presented that indicate the existence 
of the complexes (Ca2-H-PO,-CO;) and with —log 
faH*][(Caz -PO,- CO3)~]/[Caz -H-PO,- CO;] = 8.3. 

Over a considerable range of calcium, phosphorus, and hydrogen ion 
concentration, the value for HPO 
CO;|[aH*} = 1.33. The hypothesis is shown to be consistent with data 
previously reported by others. 

The apparent solubility product for MgHPO, has been determined over 
a wide range of concentrations of magnesium, phosphate, and hydrogen 
ions and found to be the same in the presence, as in the absence, of bicar- 
bonate. 
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THE MICROBIOLOGICAL DETERMINATION OF AMINO ACIDS 
IN ANIMAL PROTEINS 


By STANLEY W. HIER, CLAIRE E. GRAHAM, RUTH FREIDES, anp 
DAVID KLEIN 


(From the Research Laboratories, The Wilson Laboratories, Chicago) 
(Received for publication, July 7, 1945) 


The amino acid requirements of the lactic acid bacteria have been studied 
by numerous investigators and adaptation to the assay of amino acids has 
been proposed. Shankman ef al. (1) reported that arginine, glutamic 
acid, leucine, phenylalanine, tryptophane, tyrosine, and valine in synthetic 
mixtures could be determined by this procedure. Arginine, valine, leu- 
cine, isoleucine, phenylalanine, and glutamic acid have been determined 
in casein and other proteins with the organisms Lactobacillus arabinosus 
or Lactobacillus casei by Dunn et al. (2), Lyman et al. (3), Kuiken et al. 
(4), McMahan and Snell (5), Hegsted (6), Schweigert et al. (7), and Lewis 
and Oleott (8). Lysine has been determined in proteins with the organism 
Leuconostoc mesenteroides by Dunn et al. (9). These workers also suggested 
that this organism could be used to determine other amino acids as well (10). 

We have investigated the microbiological amino acid determination of 
arginine, histidine, lysine, leucine, isoleucine, valine, tyrosine, phenyl- 
alanine, threonine, and glutamic acid in eight representative animal pro- 
teins. A method for the preparation of the samples for assay is described 
and evidence of the reproducibility and reliability of the microbiological 
amino acid assays of animal protein is presented. 


EXPERIMENTAL 


Standard Solutions—Owing to the variations in purity of natural amino 
acids, synthetic racemic mixtures were used wherever possible. Hegsted 
(11) has reported that Lactobacillus arabinosus utilizes only the 1 form of 
isoleucine and valine, while the utilization of d-leucine is so slight as to be 
unimportant. We also found that di-lysine had activity equal only to the 
l-lysine content for Leuconostoc mesenteroides. It was therefore assumed 
that only the / form of the racemic mixtures used as standards was active 
and the results are reported in terms of l-amino acid composition. All 
standard solutions were preserved under toluene in the refrigerator. The 
following amino acids were used in preparing standard solutions: dl-iso- 
leucine (Merck), dl-leucine (Merck), di-threonine (Merck), 1(+)-glutamic 
acid, dl-valine (Merck), dl-phenylalanine (Merck), /(+)-arginine hydro- 
chloride (Pfanstiehl), /(—)-tyrosine (Pfanstiehl), /(—)-histidine hydro- 
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chloride + H,O (analytical purity grade, Amino Acid Manufactures), and 
dl-lysine hydrochloride (Merck). 


Procedure 


Glutamic Acid, Leucine, Isoleucine, Valine, and Threonine—These amino 
acids were determined with Lactobacillus arabinosus 17-5, the basal medium 
described in Table I being used. This medium is modified according to the 
procedure of Shankman (12), and the usual microbiological technique of 


TABLE I 


Medium* for One Hundred Tube Assay for Leucine, Isoleucine, Valine, Threonine, 
or Glutamic Acid 


The amino acid being assayed is omitted from the basal medium. 


cc. | 

Sodium acetate. ................. 20 | 1(+)-Arginine HC] ............... 50 
Ammonium sulfatet.............. 6 1(—)-Histidine HCI-H,O........... 

ne vee 10 10 
Pyridoxine HCl.................. 0.20 1(+)-Glutamic acid................ 400 
l(—)-Tryptophane... ............ 40 dl-Methionine..................... 100 


* Modified according to the procedure of Shankman (12). 
+ Included only for the glutamic acid assay. 


inoculation, incubation, and titration with 0.1 N sodium hydroxide was 
followed (2, 12, 13). It was found that the autoclaving time was quite 
important inasmuch as excessive autoclaving led to low maximum growth 
and unsatisfactory assays. This was particularly true for the threonine 
assays in which excessive autoclaving gave high blanks and made it impos- 
sible to obtain an assay. This was probably due to the formation of 
pyridoxal or pyridoxamine, as was reported by Stokes and Gunness (14), 
enabling the organism to synthesize threonine. ‘Titration ranges from & 
blank of 1.1 to 1.4 ec. to a maximum of 13 to 14 ec. were usual for 0 to 200 
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of di-leucine, di-isoleucine, dl-valine, and 0 to 300 of /-glutamiec acid, 
while 2.4 to 2.6 up to 13 to 14 cc. was the usual range for 0 to 200 y of dl- 
threonine. 

Arginine, Phenylalanine, and Tyrosine—These amino acids were deter- 
mined with Lactobacillus casei, with the medium described by McMahan 
and Snell (5). Arginine, phenylalanine, and tyrosine were omitted from 
the stock solutions and the two not being assayed were then added in solid 
form to the complete basal medium. 10 cc. volumes were used and re- 
sults were obtained by titration. ‘Titration ranges of 1.0 to 9.0 cc. of 0.1 
x sodium hydroxide were usually obtained for 0 to 200 y of l-arginine and 
dl-phenylaianine and 0 to 100 y of /-tyrosine. 

Histidine and Lysine—These amino acids were assayed with Leuconostoc 
mesenteroides P-60 with the improved Medium D described by Dunn et ai. 
(9, 10). Histidine and lysine were omitted from the stock solutions and 
the one not being ass@yed was added in solid form to the complete basal 
medium. Results were obtained by titration. Titration ranges of 1.0 
to 9.0 ec. were usually obtained for 0 to 100 y of /-histidine and 0 to 500 y 
of dl-lysine. 

Proteins Assayed—Nitrogen values are reported on the ash-, water-, and 
fat-free basis. 

Casein—Labco casein, nitrogen content 15.6 per cent. 

Fibrin—Wilson’s fibrin, a commercial product prepared from fresh beef 
blood by stirring. The crude clot was washed free of hemoglobin and cells 
with water, extracted with fat solvents, and vacuum-dried. Nitrogen 
content 16.6 per cent. 

Lactalbumin—Borden’s lactalbumin 15-42 which probably also contained 
lactoglobulin. Nitrogen content 14.3 per cent. 

Gelatin—Wilson’s pure food gelatin, a pork skin type of gelatin. Nitro- 
gen content 17.6 per cent. 

Pancreas—Wilson’s pancreas, dried defatted pork pancreas. Nitrogen 
content 15.4 per cent. 

Beef Muscle—The gluteus maximus muscle of a dairy cow was trimmed 
of its outside fat, hashed, and desiccated with 10 volumes of acetone. The 
liquid was separated by filtration and the meat washed twice with 2 liter 
portions of acetone. The residue was then dried in vacuo. This residue 
was then exhaustively extracted with ether by Soxhlet extraction and again 
dried. Nitrogen content 16.4 per cent. 

Bovine Albumin—Crystalline bovine serum albumin, Armour.' Nitro- 
gen content 16.02 per cent. 


‘Kindly supplied by Dr. F. C. Koch of the Armour Research Laboratories, Chi- 
cago, Illinois. 
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Beef Serum— After defibrination of fresh beef blood by stirring, the liquid 
portion was centrifuged to remove cells, and the supernatant serum wag 
spray-dried. Nitrogen content 14.9 per cent. 


Taste Il 
Effect of Hydrolysis Time with 8 ~w HCl on Amino Acid Assay 
Fibrin | Pancreas Casein 
Amino acid | aii 

8 hrs 24hrs. 4 hrs. | 16 hrs. | 4 hrs. hrs. | 24 brs. 
per cent | per cenit per cent per cent | per cent per cent per cent 
7.1] 7.2] 64 | 67 | 36] 3.5] 3&7 
Glutamic acid............... 15.5 | 14.4 | 6.2 | 6.1 | 20.5 | 21.4 | 22.2 
2.2 2.2; 1.4 | 1.4 2.6 2.41 239 
§.9 | 5.8 5.8 5.6 5.6 6.0 
| 68; 69); 7.0 | 7.0 9.5 | 9.2 
| 8.2] 86) 6.4 | 6.5 7.2| 7.21 
Phenylalanine.............. | 4.6) 4.2] 3.8 | 3.8 §.5 | 8.4 
Threonine....... 5.2 | 4.2 4.31 4.2 
5.1 5.8 5.2 5.3 7.0 7.4 | 7.5 


Tasie Ill 


Comparison of Results of Three Separate Assays of Lactalbumin and Beef Muscle over 
3 Month Period 


Lactalbumin Beef muscle | 
| Mean and maxi- per cent Mean and maxi-'per cent 
| As- | As- | As- As- As- s- 

per cent | Sone per cont 
Arginine.......| 3.1] 3.2) 3.3) 3.220.1) 3.1 6.0) 5.6, 6.35 6.0 + 0.4) 6.7 
Glutamic acid. .17.2)16.816.2, 16.8+0.6 3.6 14.815.0)15.8) 15.2 + 0.6, 3.9 
Histidine....... 1.8)1.91.7) 1820.1 5.6 3.7 3.7/3.3) 3.5620.2) 5.7 
Isoleucine. ..... 6.3) 5.8) 6020.3 5.0 5.5, 5.1) 5.3) 5.320.2) 3.8 
Leucine........ 10.8)11.1/10.6, 10.8 + 0.3 2.5 | 7.9) 7.6] 7.65 7.740.2! 2.6 
Lysine.........| 8.5] 8.3) 8.5} 8.4240.1/) 1.9 7.3 8.3) 8.1) 7.9+0.6! 7.6 
Phenylalanine... 3.9 3.5) 3.7) 3.740.2) 5.4 3.9 3.8/4.0 2.6 
Threonine...... 5.4, 5.1) 6.1) 56.620.5 8.9 5.8, 5.1/5.2 5.42404 7.4 
Tyrosine....... 4.9°4.6.4.2 46204 8.7 4.0 4.3)4.1 4.140.2 48 
Valine.......... 6.2/5.6 6.2 5.9403 5.1 5.2 5.25.2 5240.0) 0.0 


Preparation of Samples for Assay—2 gm. of sample were refluxed with 
80 ec. of 8 N hydrochloric acid for 8 hours in all-glass equipment. The 
hydrolysate was then diluted to roughly 500 cc. with distilled water and 
neutralized with 8 n sodium hydroxide to pH 6.8, bromothymol blue being 
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used. The volume was accurately adjusted to 1000 cc. with distilled water 
and the solution was filtered. The filtrate was then diluted, if neces- 
sary, so that the concentration of the amino acid being assayed was ap- 
proximately 20 y per cc. 

Evidence that 8 hours hydrolysis time with 8 ~ hydrochloric acid is 
adequate for fibrin, pancreas, and casein is presented in Table II. No 
destruction of the amino acids occurred when hydrolysis was conducted 
for 24 hours, while even 4 hours of hydrolysis gave approximately the same 
values. Similar results were obtained with the other proteins reported. 


Tasie IV 
Recovery of Amino Acids Added to 2 Gm. of Lactalbumin or Beef Muscle Previous to 
Hydrolysis 
Lactalbumin Beef muscle 
pleby | added | covered ple by Recovery 
assay* assay 
me | me. me. per cent me. me. me. per ceni 
Arginine........... 57 | 42t | 42 | 100 | 106 | 42 42 | 100 
Glutamic acid. .... 284 300 310 103 293 300 273 91 
Histidine... _._..... 30 | 34 100 69 343 30 SS 
Isoleucine.........| 100 | 100§ 108 | 108 | 103 | 100§ 93 93 
Leucine........... 186 208§ 200 9 | 147 | 200§ 199 | 100 
118 98 | 154 | 120) 121 100 
Phenylalanine....., 64 | 75§ 74 | 99 | 76 | 7 75 | «(100 
Threonine... 106 | 9% | 95 
Tyrosine.......... | 95 | 40 3 | 9 | s1 | 40 | 41 | 103 
Valine.............. 107 | 100§ | 108 | 108 | 115 | 100§ | 100 | 100 


j 


* These values are reported as found without correction for the ash, water, or fat 
content of the protein sample. S 

t Added as /(+)-arginine hydrochloride (50 mg.). 

¢ Added as /( — )-histidine hydrochloride + H,O (46 mg.). 

§ Added as the di mixture in twice the amount indicated. 

|| Added as di-lysine hydrochloride (300 mg.). 


Reproducitility—To test the reproducibility of values from one test to 
another, three separate assays for lactalbumin, casein, and beef muscle 
were conducted. The maximum percentage deviation from the mean was 
found to be less than 10 per cent in the case of all of the amino acids re- 
ported. Table III shows typical results obtained in the tests made with 
lactalbumin and beef muscle. 

Recovery Experiments—Table IV shows the results of recovery experi- 
ments with lactalbumin and beef muscle. The recoveries range from 
88 to 114 per cent with a mean of 100 per cent for all the recovery experi- 
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ments, indicating that recoveries are quantitative and that the hydrolysis 
procedure as well as the assay procedure itself is satisfactory for all of these 


assays. 
Validity of Procedures—-Tables V to VIII show the results of the micro- 


biological assay of the proteins described above. These values are com- 


Tasie VI 
Threonine and Glutamic Acid Content of Proteins 


The figures in parentheses indicate the nitrogen content of the protein samples 
on which the assay value is based. 


| Threonine | (slutamic acid 
| Chemical value _ Microbiological value* Chemical value 
Protein Micro- —— |- 

_bivlogi Ref- Ret Rei 
i cal er- er er 
| value* ence ence ence 
| No. No No. 

eae per cent per cent ' per cent per cent 

Casein | 4.1 | 3.5 (14.0) | 27! 21.4 22.8 (16.0) 16 
| 3.5 (14.7 16 | 22.5 (15.6) | 2 + 22.0 (15.7) 28 
| (14.0) | 22.0 (14.0) 29 
| | 21.5 (15.2) | 3 

Beef fibrin 6.4 7.9 (16.0) 16 15.0 | 13.1 (15.2) | 30 
| 6.8 (17.0) | 21) 12.4 (16.0) | 8 | 16.0 (16.0) 29 

Lactalbumin 4.5 13.7 (14.9) | 22 
| 4.3 (14.9) | 22) 13.4 (16.0) 16 
| | 8.2 (15.4) | 31 

Gelatin 1.9 |} 1.5 (16.0) | 16) 11.5 12.0 (18.0) 29 

1.4 (16.0) 27 10.2 (18.0). § | 

Pork pancreas 5.6 4.1% (16.0) 16 6.2 

Beef muscle | 5.4 | 5.3 (16.0) | 16/| 15.2 | 15.4 (16.0) 16 
| 4.6 (16.0) 24° | 

Bovine albumin 6.3 6.46 (16.07) 21 18.0 16.9 (16.07) 21 
| | 16.95 (16.07) | 25 

Beef serum | 6.33 (16.0) | 16 13.2 


* The first value for each protein is that of the authors reported on the ash-, 
water-, fat-free basis. 

t Beef pancreas value. 

t Human serum protein value. 


pared with chemical and microbiological values reported in the literature. 

Arginine, Histidine, and Lysine (Table V)—-The microbiological values 
agree satisfactorily with chemical values for arginine, histidine, and lysine 
in most cases. Unsatisfactory agreement appears in the histidine assay 
of pancreas and beef muscle and the lysine assay for pancreas. Our value 
for the lysine content of bovine albumin agrees quite well with that of 
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Shemin (25) obtained by the isotope dilution method. Brand’s value 
(21) obtained by the Van Slyke manometric method is considerably lower? 

Threonine and Glutamic Acid (Table VI)—Snell (43) has shown that 
pyridoxamine and pyridoxal are present in natural products, particularly 
in liver. Since Lactobacillus arabinosus can synthesize threonine in the 


VII 
Tyrosine and Phenylalanine Content of Proteins 


The figures in parentheses indicate the nitrogen content of the protein samples on 
which the assay value is based. 


Tyrosine | Phenylalanine 
Chemical value | Chemical value 
Protein Micro! io- Microbio- —— 
logical Refer- logical Refer- 
valuc* ence | value* ence 
No. | No. 
| per cent per cent | per cent per cent Be 
Casein 6.5 6.5 (15.1) 32 5.3 5.0 (15.4) 33 
6.4 (16.0) 16 4.0 (?) 34 
6.0 (14.5) 18 
Beef fibrin 6.0 5.0 (16.0) 16 4.4 6.0 (16.0) 16 
| 5.7 (17.0) 21 
Lactalbumin 4.6 4.7 (14.2) IS 3.7 4.8 (13.8) 16 
3.5 (14.9) 22 4.5 (14.9) 22 
3.6 (?) 34 
Gelatin 0.44 0.3 (16.0) 16 2.2 1.9 (16.0) 16 
0.4 (16.0) = 35 2.5 (?) 36 
| 1.6 (?) 34 
Pork pancreas 4.2 3.0f (16.0) 3.8 (16.0) 16 
Beef muscle 4.1 3.4 (16.0) | 16 3.9 4.9 (16.0) 16 
4.3 (16.0) 24 4.9 (16.0) 24 
Bovine albumin 5.2 5.49 (16.07) 21 6.4 
5.53 (16.07) 25 
Beef serum 4.9 4.7 (16.0) | 16 | 4.7 5.4t (16.0) 16 


* The first value for each protein is that of the authors reported on the ash-, 
water-, fat-free basis. 

t Beef pancreas value. 

t Human serum protein value. 


presence of either of these substances, the possibility exists that threonine 
values obtained microbiologically may be high. However, the agreement 
between our values and those obtained chemically would indicate that 


?Since this paper was submitted for publication Brand and coworkers have fe- 
ported a value of 12.4 per cent lysine in bovine serum albumin obtained by micro- 
biological assay with Leuconostoc mesenteroides P-60 (J. Am. Chem. Soc., 67, 1524 
(1945)). This is in excellent agreement with our value of 12.3 per cent. 
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these substances are not present in our samples in sufficient quantity to 
produce this stimulatory effect. 

The glutamic acid results show good agreement between microbiological] 
and chemical assays as previously reported by Lewis and Olcott (8), Dunn 
et al. (2), and Lyman etal. (3). There is also good agreement between the 
various laboratories for the microbiological assay of similar proteins. 

Tyrosine and Phenylalanine (Table VII)—The microbiological and 
chemical values for tyrosine agree satisfactorily in all samples except in the 
case of pancreas. The agreement between microbiological and chemical 
values for phenylalanine is not very satisfactory. However, the poor agree- 
ment between values obtained chemically indicates that some of the chem- 
ical values lack accuracy. The microbiological value of 3.70 per cent 
phenylalanine in casein reported by Hegsted (6) is not included in Table 
VII inasmuch as the values he reported for leucine and valine in casein were 
also lower than those obtained by other workers, indicating his media to 
have been deficient. 

Leucine, Isoleucine, and Valine (Table VIII)\—There is good agreement 
between our values for leucine, isoleucine, and valine and those reported 
by other workers using Lactobacillus microbiological procedures. Ryan 
and Brand (21, 38) reported the leucine content of casein, fibrin, and 
gelatin using the Neurospora mutant spore procedure. Our values for 
these proteins agree quite well with theirs. The gelatin sample of Ryan 
and Brand is apparently the same preparation used by Stein (39) who re- 
ported 3.5 per cent by the solubility product procedure. Good agree- 
ment between all three methods is therefore indicated. 

The chemical oxidation procedure of Block (16) appears to give con- 
siderably higher values for leucine and lower values for isoleucine and valine 
than the microbiological procedures. Gordon ef al., however, report 2.3 
per cent valine in gelatin (40) determined chromatographically, which 
agrees quite well with our figure of 2.5 per cent. 


DISCUSSION 


The application of the microbiological assay to the determination of 
amino acids offers a rapid, convenient, and accurate procedure for the 
study of protein composition. Our microbiological values agree quite 
well with values obtained by chemical procedures, and it is possible for one 
analyst to determine all of the amino acids described in this paper in four 
to five samples in approximately 7 working days. This is a considerable 
improvement over the older chemical procedures in time saved and in 
equipment required as well as in accuracy and reproducibility. 

MeMahan and Snell (5) indicated that while all of the amino acids used 
in their basal medium are not essential for growth of the organism heavier 
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growth is obtained and antagonistic effects occur less frequently when 
complete amino acid mixtures are used. We wish to confirm these obser- 
yations and indicate that, with the media reported in this paper, we have 
found no indications of antagonistic effects despite the varied samples 
studied. In addition, after 72 hours incubation and with the titration 
procedure, there was no indication of drift in values at different levels of 
the sample which has been reported for certain of the microbiological 
vitamin assays. Generally, the agreement between levels of the sample 
when calculated to micrograms of amino acids per ec. is well within 10 per 
cent and usually within 5 per cent. 


SUMMARY 


A simple method for preparing samples for the microbiological assay of 
certain amino acids is described. The hydrolysate obtained may be as- 
sayed for arginine, histidine, lysine, leucine, isoleucine, valine, threonine, 
tyrosine, glutamic acid, and phenylalanine by methods described. The 
amounts of these ten amino acids in casein, beef fibrin, lactalbumin, gelatin, 
pork pancreas, beef muscle, crystalline bovine albumin, and beef serum 
are reported. Evidence of reproducibility and of the validity of these 
values is presented. 
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ICROBIOLOGICAL DETERMINATION OF FREE LEUCINE, 
ISOLEUCINE, VALINE, AND THREONINE IN DOG PLASMA 
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(From ‘the Department of Biological Chemistry, College of Medicine, University of 
Illinois, and The Wilson Laboratories, Chicago) 


(Received for publication, September 1, 1945) 


Considerable work on the application of microbiological procedures to 
the determination of amino acids in proteins has been reported in the re- 
cent literature. Methods for the determination of leucine, isoleucine, and 
valine have been described by Shankman e/ al. (1), Hegsted (2), Schweigert 
etal. (3), and Hier etal. (4). The latter authors also described a method for 
the determination of threonine in animal proteins. In work preliminary 
to studies on the metabolism of proteins we have successfully applied these 
methods to the determination of free leucine, isoleucine, valine, and thre- 
onine in dog plasma. Our procedure follows along the lines suggested by 
Dunn et al. (5) for the determination of apparent free tryptophane in 


human blood. 


EXPERIMENTAL 


Preparation of Tungstic Acid Filtrate—40 to 50 ec. of blood were removed 
from the femoral artery of mongrel dogs previously fasted for 24 hours. 
Clotting was prevented by the use of heparin. Centrifugation and removal 
of the plasma were carried out within | hour of collection. For the deter- 
mination of leucine, isoleucine, valine, and threonine 16.0 ce. of plasma 
were measured into a flint glass 125 ce. bottle, followed by 22.4 cc. of dis- 
tilled water. The bottle was then stoppered and shaken, and 5.6 ce. of 
exactly 0.60 N H.SO, were added slowly with mixing, followed by 4.0 ec. of 
exactly 10.0 per cent sodium tungstate. The stoppered bottle was then 
shaken for 2 to 3 minutes and the fluid was filtered through Whatman No. 
40 paper. A water-white, clear filtrate was obtained with all plasma sam- 
ples when this procedure was used. The pH was then adjusted with 0.7 ~ 
NaOH to 6.8, bromothymol blue being used as an outside indicator. 2 
to 4 drops of sodium hydroxide were usually adequate, thus having a neg- 
ligible effect on the volume. Each ee. of tungstie acid filtrate, therefore, 
represented 0.33 ec. of original plasma. 

Assay Procedure—The basal media were prepared as described in a 
previous paper by Hier ef al. (4). Small tubes (16 K 150 mm.) were used 
and only 1.0 ec. of basal medium was added to each tube. After the addi- 
tion of standard and unknown solutions the final volume was adjusted to 
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2.0 cc.; the tubes were plugged and sterilized for 10 minutes. All other 
details were carried out as previously described (4) except that the tubes 
were titrated with 0.02 n NaOH. The standard curves for leucine, iso- 
leucine, and valine with levels from 0 to 30 y per tube ranged from about 


TaBie 


Recovery of Leucine, Isoleucine, Valine, and Threonine Added to Plasma Previous 
to Precipitation of Proteins 


| | | Re- | Recovery | | Recover 
No. | plasma | plasma® | covered : | plasma _plasma* | covered 
| Leucine Isoleucine 
38.7} 10.8 | 10 9.0 | 12.8 125 
2 | 16.6 | 100.0} 9.0 | 90 | 10.4 10.5 100 
3 | 13.5 | 16.0 | 16.0 | 100 | 9.5 | 20.0 | 16.0 80 
| 9.2 | 20.0 | 21.0 | 105 
5 | 16.4 | 20.0 | 19.5 | 98 | 11.0 | 20.0 | 18.0 | 90 
6 | 20.0 | 20.0 | 18.8 | 94 | 15.6 | 20.0 | 20.5 | 103 
7 | 20.9 | 20.0 | 21.5 | 108 18.0 | 25.0 | 22.5 | 90 
8 | 22.5 | 25.0 | 27.0 | 108 | 12.6 | 20.0 | 21.5 {| 108 
Average recovery and 
standard deviation........ 98.5 48.4. 100 + 13.7 
Valine | Threonine 
30.0 | 10.4 | 12.0 | 115 
2 [7:7 1 32045 | 40.5 | 20.0 | 16.1 
3 10.4:(/ 4321/4041 | 32.1 | 20.0 | 19.0 95 
4 19.0 | 20.0 | 23.0 | 115 18.0 | 20.0 | 18.0 95 
5 | 20.4 | 20.0 | 20.0 | 100 33.0 | 20.0 | 17.0 85 
6 | 17.0 | 20.0 | 19.0 | 95 | 31.5 | 2.0 | 22.5; 
7 16.0 20.0 20.0 100 
1i8.0 20.0 | 19.0 95 
10 |; 24.6 | 25.0 | 26.0 | 104 
Average recovery 
standard deviation... . 102 + 10.8 93.5 + 11.9 


* Added as the di form in twice the amount indicated. 


1.0 to 13.0 ce. The threonine curve with the same levels ranged from 
about 2.0 to 13.0 ce. 

The standard solutions were prepared with Merck’s di-leucine, dl-ise 
leucine, dl-valine, and di-threonine. All values are reported in terms of the 
l-amino acid content of the racemic standards (50 per cent). 
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Agreement between values at different levels was well within 10 per cent 
of the mean in all cases. There was no evidence of drift due to inhibition 


TaBLe II 
Reproducibility of Assays and Effect of Storage of Plasma at —17° 


Dog No. Days storage | Amino acid found | Dog No. | Days storage | Amino acid found 
Leucine Isoleucine 
| per ce. | | Y per cc. 
2 | 2 9.0 
2 0 15.6 
144.741.4° | | 9.5+0.7* 
3 0 13.5 | 3 as 9.5 
3 15 14.4 3 14 9.2 
3 22 16.4 | Spee 9.9 
3 15.0 | 9.5 + 0.4* 
| 14.741.3* | | 
4 8 19.5 | 4 | s | he 
4 8 18.0 | 8 15.0 
19.2 + 1.1* | | 13.7 + 2.3* 
5 0 22.7 hes ase 14.7 
5 0 23.7 ies 0 14.3 
5 7 20.9 
22.4 + 1.0* | + 0.79 
Threonine | Valine 
2 0 30.0 
7 30.0 21.2 
| 30.0+0.0% | | 21.5 + 0.4* 
3 3 | 
3 15 32.0 3 14 20.4 
35.0 + 4.7* 3 
3 21 | 16.0 
35 19.0 
| & 1.7° 
4 4 1 | 22.5 
4 8 15.0 ¢ 
4 8 15.3 4 
16.1 + 1.7° | 21.8 + 0.8* 
5 0 28.4 
5 0 7.0 5 | 
| | 25.9 + 2.0° 


* Mean and standard deviation. 


or stimulation, as has been reported for the microbiological assays for some 
vitamins in blood. 
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Recovery Experiments—In order to determine the reliability of the method 
of protein precipitation and the assay procedure itself, recovery experiments 
were performed. The amino acids to be recovered were added in solution 
to the plasma previous to precipitation with sodium tungstate and the 
amount of water was reduced accordingly. In this way a 1:3 ratio between 


IIT 
Free Amino Acid Content of Plasma Removed from Fasted Mongrel Dogs 


Dog No. and sex Leucine | Isoleucine Threonine Valine 


Samples removed under nembutal anesthesia 


| y per cc. | y per cc. | y per cc. > per ce. 
ld | | 10.5 | 21.5 
29 | 14.7 | 9.8 «30.0 17.7 
3 9 14.8 9.5 35.0 18.5 
io 18.9 13.7 21.8 
5A 22.4 14.9 | 29.3 25.9 
6 2 22.7 18.0 | 31.5 24.6 
Average and standard | 
| 18.743.9 | 12.7423.7 | | 21.7433 


16.4 29.4 15.2 
22.0 28.4 20.9 
| 17.1 15.0 30.0 
10 7 30.6 | 19.5 28.7 30.3 
11 9 14.3 | 8.7 12.3 15.2 
122 22.9 | 15.3 27.6 25.0 
Average and standard | | 
deviation..........  13624.5 23.6474 22.8468 


Recapitulation for all 12 dogs 


14.3-30.6 | 8.7-19.5 15.0-35.0 15.2-30.3 
Standard deviation. 5.6 | 3.8 | 7.3 5.3 


error ......| 


plasma and filtrate was maintained. The amino acids were added in the 
dl form in twice the amount of / form required, since the d form was con- 
sidered to have no activity. As may be seen from Table I, recoveries are 
equally satisfactory for leucine, isoleucine, valine, and threonine and 
indicate the quantitative nature of the procedures. 

Reproducibility of Assays and Effect of Storage of Plasma at —17°— 
Plasma from the same dog was divided into several portions and kept at 
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—17° for periods up to 35 days. These portions were then thawed and 
analyzed for free amino acid content at different time intervals, as indi- 
eated in Table II. When 0 day of storage is shown, the filtrate was pre- 
pared from fresh plasma on the day it was removed from the dog. The 
data indicate that even after storage for 35 days at —17° values may be 
reproduced within 15 per cent of the mean, while samples of plasma assayed 
in duplicate at the same time check within 10 per cent. 

Amino Acid Content of Dog Plasma—The results of the amino acid assay 
of plasma from twelve mongrel dogs are shown in ‘Table IIl. For the 
purposes of our experiments it was important to know whether nembutal 
anesthesia had any effect on the free leucine, isoleucine, valine, or threonine 
content of the plasma. It is evident that while there appears to be some 
range in the values for each amino acid in both groups of dogs there is no 
significant effect of nembutal on amino acid concentration. Within the 
limits of accuracy that can be attained with the small number of observa- 


tions, this may be tested by application of the formula (m, — m2)/ Véet+e 
where m,; and m, are the*two mean results and ¢,; and é, are their respective 
standard errors. The values are as follows: leucine 1.29, isoleucine 0.38, 
valine 0.39, and threonine 1.66. According to Burn (6) a value of less 
than 2 indicates no significant difference between the groups. 

The combined values for the amino acid content of plasma from anesthe- 
tized and unanesthetized fasted dogs are also given in Table IIT. 


DISCUSSION 


The data presented indicate the reliability and reproducibility of these 
methods for the determination of apparent free leucine, isoleucine, valine, 
and threonine m dog plasma. We have also found, in a limited number of 
samples, that the methods apply equally well to human and rabbit plasma. 
It is of interest that our attempts to measure free glutamic acid in dog 
plasma by a similar microbiological procedure were unsuccessful because 
of the low concentration of this amino acid. Our results showed that dog 
plasma contains less than 6 y of free glutamic acid per ce. in six samples 
examined. This was the limit of sensitivity of our method and the actual 
concentration may be considerably smaller. The low glutamic acid con- 
tent of the plasma may indicate a low threshold for this amino acid. This 
may be related to the nausea and vomiting caused by intravenous injection 
of glutamic acid reported by Unna and Howe (7) and Madden (8). The 
comparatively large amount of glutamine present in dog plasma reported 
by Hamilton (9) was not measured by this procedure although glutamine 
does stimulate the growth of Lactobacillus arabinosus in the absence of 
glutamic acid. Lyman etal. (10) reported that most of the glutamine added 
to their assay tubes was converted to pyrrolidonecarboxylic acid when the 
tubes were autoclaved previous to inoculation. This substance does not 
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stimulate Lactobacillus arabinosus. Presumably, a similar conversion 
occurred with the dog plasma filtrate samples. 

The mean values for leucine, isoleucine, valine, and threonine presented 
in Table III are typical of the mongrel dogs studied. We have not chosen 
to call them normal values, since the nutritive state of the animals was not 
controlled. It would be preferable to obtain normal values from dogs bred 
and raised under controlled laboratory conditions. However, these values 
are significant in showing concentrations of the free amino acids and their 
relative proportions in fasted dog plasma. 

These methods probably have a fairly high degree of specificity. Heg- 
sted (11) has shown that isoleucine is effectively replaced by the corre- 
sponding a-hydroxy acid although leucine and valine are not, while of the 
3 acetyl derivatives only acetylleucine is active and all three a-keto acid 
iy derivatives are somewhat active. The presence of any of these derivatives 
rt in blood filtrates remains to be proved. High levels of pyridoxal or pyri- 
_ doxamine may lead to high threonine values, since the organism can utilize 
these to produce its own threonine (4, 12). ¢ 
SUMMARY 
7? Microbiological methods are presented for the determination of free 
i leucine, isoleucine, valine, and threonine in dog plasma. 

a Plasma samples from twelve fasted mongrel dogs were found to contain 
14.3 to 30.6 y per cc. of leucine with a mean value of 20.9 + 5.6, 8.7 to 
19.5 y per ec. of isoleucine with a mean value of 13.1 + 3.8, 15.0 to 35.0 y 
- per cc. of threonine with a mean value of 25.8 + 7.3, and 15.2 to 30.3 y per 
ta ec. of valine with a mean value of 22.2 + 5.3. Five samples of dog plasma 
hi were found to contain less than 6.0 y per cc. of glutamic acid. No differ- 
ences in the free amino acid content of plasma were found in anesthetized 
animals as compared with unanesthetized animals. 
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FATE OF INGESTED SULFIDE SULFUR LABELED WITH 
RADIOACTIVE SULFUR IN THE RAT* 
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Nashville) 


(Received for publication, September 1, 1945) 


It is well known that in the metabolism of some sulfur-containing amino 
acids in the intestinal tract hydrogen sulfide may be formed (1). This 
product, due to its high coefficient of absorption (3), could be rapidly 
absorbed in large amounts if its formation were extensive. The rat, as 
well as man, may have sulfide sulfur generated in the liver from cysteine 
or cystine (12, 14). Another source of hydrogen sulfide, for some indi- 
viduals at least, is the hydrogen sulfide which may contaminate the air of 
their environment. The question arises, therefore, as to the fate of the 
sulfide sulfur in the animal organism. 

Haggard (9) demonstrated that oxygenated plasma as well as whole 
blood could oxidize sulfide sulfur. On the basis of his experiment on the 
repeated slow intravenous administration of sodium sulfide to a dog he con- 
cluded that the rate of oxidation in the intact animal may be such that 
many times the lethal amount can be handled without any apparent ill 
effect. Denis and Reed (5) obtained some evidence that sulfide sulfur 
may be oxidized to sulfate sulfur in the dog after intravenous injection of 
sodium sulfide. They further noted that after feeding powdered sulfur 
to dogs some 10 per cent of it appeared in the urine as sulfate sulfur and 
neutral sulfur (6). It was postulated that the elementary sulfur, which 
itself is insoluble in the intestinal juices, was converted by the intestinal 
flora to hydrogen sulfide and so absorbed, and that the hydrogen sulfide 
was oxidized to sulfate sulfur in the animal organism. Andrews has 
demonstrated that such a conversion of the elementary sulfur to sulfide 
sulfur may occur in vitro by the action of the intestinal flora of the dog (1). 

The present report is concerned with the distribution of labeled sulfur 
in the organs and excretions of rats following the administration of sodium 
sulfide containing radioactive sulfur (S*). 


EXPERIMENTAL 


A sample of barium sulfide containing radioactive sulfur (S*) was sus- 
pended in a small volume of distilled water and allowed to react with a 
slight excess of sodium sulfate for 48 hours at room temperature in a well 


* Aided by a grant from the Bristol-Myers Company. 
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stoppered tube. The resultant barium sulfate was filtered off and the 
filtrate used in these experiments. 

White, male albino rats of approximately 5 months of age were placed 
in metabolism cages suspended over large funnels which were loosely stop. 
pered with hobnailed glass balls to allow urine collection with a minimum 
contamination with feces.- The animals were fed Purina dog chow jn 
separate cages for 30 minutes at the commencement of each 24 hour period, 
Drinking water was allowed at all times. | 

Two rats of the same age and approximate body weight were each given 
2 ml. of a solution of sodium sulfide containing S®* (approximately 1.66 mg, 


of sulfide sulfur) by stomach tube at the end of their daily eating period, | 


The urine and feces were collected for the following 24 hours. At the end 
of this period the animals were anesthesized with nembutal, and the various 
tissues dissected out and weighed immediately. The hair was pulled from 
the skin and investigated separately. 

The inorganic sulfate sulfur, total sulfate sulfur (8), and the total sulfur 
(4) of the urine were isolated as barium sulfate by centrifugation. The 
amount of the sulfate sulfur in the samples was adjusted to approximately 
the same concentration by the addition of 0.01 N sulfuric acid before pre- 
cipitation with barium chloride. This was also done in the case of the 
sulfate sulfur obtained from the various tissues analyzed. When possible 
the tissues of these rats were analyzed for total sulfur by Bailey’s (2) 
method. In other cases, an analysis of the sulfur content of tissues of 
normal rats was used as a basis for an estimation-of the expected con- 
centration. 

Weighed amounts of the tissues and feces were hydrolyzed for 8 to 12 
hours with 10 per cent sodium hydroxide on a steam bath. The hydroly- 
sates were then transferred to nickel crucibles and oxidized with a mixture 
of sodium carbonate and sodium peroxide, as recommended by Bailey (2). 
The barium sulfate was precipitated from a solution of the melt after it. 
was made acid to Congo red paper. The barium sulfate was isolated by 
centrifugation. Diluted samples of the stock sodium sulfide solution, con- 
taining the radioactive sulfur, were similarly treated. 

After washing the barium sulfate precipitates twice with distilled water 
they were suspended in 70 per cent ethyl alcohol and transferred to shallow 
metal cups! in which a small drop of glycerol had been placed. (The glye- 
erol was used as a binder to prevent loss of the barium sulfate when the 
latter was dried.) After complete transfer of the precipitate had been 
effected, it was resuspended in the cup by gentle stirring with a fine glass 


1 Tops or bottoms of seamless tin boxes (} ounce size) manufactured by the Buck- 
eye Stamping Company, Columbus, Ohio, have been found to be convenient and inet 
pensive receptacles for the samples. 
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rod to promote an even distribution over the surface. The liquid was 
permitted to evaporate at room temperature and the cups were then dried 
in an oven at 110° overnight. The above preparation of barium sulfate 
samples for radioactivity determination is essentially that developed by 
Hendricks ef al. (10). 

The relative concentration of radioactive sulfur (S*®) in the barium 
sulfate samples was determined with a Geiger-Miller, bell type counter 
(Massachusetts Institute of Technology design) in which the filling gas is a 
mixture of denatured alcohol and argon at a pressure of 39 em. of mercury. 
The mica window has a thickness of 10 w (2.8 mg. per sq.em.). The rate of 
disintegration was recorded with an Esterline-Angus graphic instrument, 
model A. W. All samples were counted on the same day to make them 
comparable without calculation of the different degrees of disintegration. 

In a second experiment, two rats of approximately the same weight 
received 0.25 ml. each of a solution of sodium sulfide, containing radio- 
active sulfur (approximately 0.20 mg. of sulfide sulfur) by intraperitoneal! 
injection immediately after their daily feeding period. Urine and feces 
were collected in 24 hour periods for the following 6 days. The urinary 
sulfur of the first 24 hour period was fractionated into inorganic sulfate 
sulfur, total sulfate sulfur, and total sulfur. All samples of feces and 
subsequent 24 hour urine samples were analyzed for total sulfur only. 

On the 7th day after the injection of the sodium sulfide solution contain- 
ing radioactive sulfur (S*), the same animals were each given 20 mg. of 
phenol (Merck, U.S. P., 98 to 100 per cent pure) in 2 ml. of distilled water 
by stomach tube. This was done immediately after their daily feeding 
period. 15 minutes later they were given 0.25 ml. each of the sodium sulfide 
solution containing S®*® (approximately 0.20 mg. of sulfide sulfur) by intra- 
peritoneal injection. The urine and feces were again collected for the 
following 24 hours. The urinary sulfur was fractionated. 

DISCUSSION 

The results obtained in the experiment in which sodium sulfide contain- 
ing radioactive sulfur (S*) was administered by stomach tube are given in 
Table I. An examination of the data reveals that the sulfide sulfur was 
well absorbed and excreted in the urine. The major portion of the radio- 
active sulfur in the urine was found in the form of sulfate sulfur, both as 
inorganic sulfate sulfur and as ethereal sulfate sulfur. It would appear 
that the rat can oxidize sulfide sulfur to sulfate sulfur and thereby change a 
relatively toxic form of sulfur to one usually regarded as innocuous. This 
observation is in agreement with the results of Denis and Reed (5) obtained 
with dogs. 

Whether the relatively high concentration of radioactive sulfur (S*) in 
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the feces and gastrointestinal tract is due to unabsorbed sulfide sulfur js 
not decided. Much of it may represent unabsorbed sulfide sulfur. Other 
possibilities, however, suggest themselves. Despite precautions to mini- 


TaBLe I 
Concentration of Radioactive Sulfur (S**) in Excreta and Tissues of Male Albino Rats 
24 Hours after Oral Administration of Sodium Sulfide Containing 
Radioactive Sulfur (S**) 


Lach rat was given 11.17 counts per minute of (1 66 mg. of sulfide sulfur), 


| Rat Si, 215 gm. | Rat S2, 208 gm. 
weight pergm.| mg.S | weight | per gm. per mg. S 
per min. | permin. per min. 
| gm. gm. | cent 
Urinary inorganic SO, | | 
sulfur...............{100* | 458.5 | 50.94 {41.0 |100* | 388.5 |45.70 (34.7 
Urinary total SO, | | 
100 SAS.5 54.85 49.1 1100) | 538.5 53.85 48.2 
Urinary total sulfur. 877.0 | 73.08 78.5 (100 577.0 |52.45 (51.7 
(0.71 6655.0 | 23.71 | 4.23 | 1.28 2020.0 | 7.52 | 2.31 
Gastrointestinal tract. 11.56 612.1 5.13 | 6.33 | 10.61 | 639.0 | 5.34 | 6.07 
114.3 1.43 | 2.40 22.674) 106.3 | 1.33 | 2.15 
40.6 0.82 | 0.017, 0.59 | 27.3 | 0.58 | 0.014 
47 (0.52, 0.15) 1.76 90.8 | 0.48 | 0.14 
....) 112.8 | 0.42 | 0.03 0.31 | 90.2 | 0.34 | 0.02 
Gonads........ 4.52) 22.9) 0.26 | 0.09 | 3.90} 33.7 | 0.38 | 0.11 
O.82 69.2 0.34 | 0.05 | 0.94 
39.3 %.21 0.45) 12.36t 47.9 | 0.25 0.88 
5.66 25.8) 0.17 | 0.13) 8.76 | 42.5 | 0.28 | 0.33 
1.80 14.8! 0.18 0.02) 1.66) 13.9 0.17 | 0.02 
38.70¢ 42.4 0.53 1.47 | 37.44¢ 12.8 | 0.16 | 0.48 
—97.61t 9.7 0.046 0.85 94.434 7.6 | 0.036 | 0.64 
Hair.................| 4.17 | 1.5) 0.0003) 0.005, 4.72 | 3.8 | 0.0008} 0.016 


* Urine diluted to 100 ml., the latter as an approximation assumed to weigh 
100 gm. 

t Donaldson ((7) p. 185). 

t Calculated from the blood mass = 0.09603 (body weight )°* 1.056 ((7) p. 288). 


mize the contact of urine and feces, it may be that part of the sulfur in the 
Jatter was due to contact with the urine. 

The high concentration of the radioactive sulfur (S*) found in bone is 
interesting. Singher and Marinelli (11) observed that after the intra- 
peritoneal injection of sodium sulfate, in which the sulfur was labeled, the 
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highest concentration of the labeled sulfur was to be found in the bone 
marrow. It may well be that in the rats used in the experiment reported 
here a partial concentration of the radioactive sulfur (S*) in the bones 
occurred after the oxidation of sulfide sulfur to sulfate sulfur. 


II 


Rate of Excretion of Radioactive Sulfur (S**) by Young Male Albino Rats after 
Intraperitoneal Injection of Sodium Sulfide Containing Radioactive 
Sulfur (S**) 


Rat 53 Rat S4 
Day Sample | Counts | Counts | Canste Counts 
per | X 1074 per Counts | 10-? per! 
24hrs. |mg.Sper | 24 hours | per mg. 


_ ‘per min. min. per min. | per min 


Each rat received 783.7 x 10° counts per min. S* * (about 0.2 mg. sulfide sulfur) 


| per cent | percent 
l | Urinary inorganic SO, sulfur | —64235.0 5.29 54.0 3885.0 | 6.47 49.6 
“total SO, sulfur 4785.0 5.31 61.1 4785.0 | 6.38 (61.1 
| sulfur —~5085.0 5.08 64.9 5.54 (63 .6 
Feces 1277.0) 1.08 | 16.3 1057.0 | 1.82 13.5 
2 Urinary total sulfur 437.0 | 0.44 5.58 | 407.5 10.45 | 5.20 
Feces | 109.7; 0.11 | 1.40); 151.7 0.14 | 1.93 
Urinary total sulfur 120.0; 0.12 | 1.53) 136.0} 0.15 | 1.75 
Feces 34.7) 0.03 | 0.44 35.2) 0.03 0.45 
4 | Urinary total sulfur | 0.06 0.76 98.1) 1.25 
Feces | 11.7 | 0.01 £0.15 17.2 | 0.02 | 0.22 
5 | Urinary total sulfur . | §2.8) 0.058 | 0.67); 1290.0/ 0.12 | 1.8 
Feces 0.007 | 0.10 9.0/)0.01 
6 Urinary total sulfur 30.0) 0.08 0.38 =30.0 | 0.08 0.38 
Feces | 2.9! 0.003 0.04 5.3 | 0.005 0.06 
Total 6 day exeretion............ | 7228.5 | 92.25 | 7052.0 89.98 


Fach rat received 20 mg. phenol orally 15 min. before intraperitoneal injection of 
sodium sulfide containing 783.7 K 10° counts per min. S*° (about 0.2 mg. 
sulfide sulfur) 


7 | Urinary inorganic SO, sulfur 3085.0 10.28 39.4 3385.0 | 9.67 43.2 
‘total SO, sulfur 6235.0 5.66 79.5 5785.0) 5.78 (73.8 

sulfur 4.91 S1.5 5785.0 4.28 73.8 
Feces 1297.0 1.12 16.5 | 1277.0 | 1.17 16.3 


Tarver and Schmidt (15) found that methionine sulfur may be used in 
the synthesis of cystine in the rat. On the other hand, sulfate sulfur was 
not used for this synthesis by rats. More recently, Smythe and Halli- 
day (13) have shown the existence of an enzyme or enzyme system in livers 
of various animals, man and rat included, which is capable in vitro of con- 
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verting sulfide sulfur to cysteine sulfur. In view of this demonstration, 
it may be possible that the slight though definite concentration of radio. 
active sulfur (S*) found in the hair (Table I) is present as cystine sulfur. 


an 
iA 

+ 


iz It may, however, have been deposited there as sulfate sulfur, since Singher 
f and Marinelli (11) did detect some radioactive sulfur in hair of rats after 
f the administration of sodium sulfate containing S*. 


Table II summarizes the results of the second experiment. ‘These data 
again indicate the ability of the rat to oxidize sulfide sulfur to sulfate sulfur 
and to excrete the latter in part as ethereal sulfate sulfur. The concentra- 
tion of radioactive sulfur (S*®) in the feces was definite. However, it 
would be hazardous as yet to attempt to explain its presence there. 


=” It is noteworthy that the major portion of the radioactive sulfur ($%) 
was rapidly excreted by the rats within 6 days. A large fraction appeared 
‘. in the excreta within the first 24 hours and the amount then progressively 


decreased. Approximately 90 per cent of the radioactive sulfur (S*) wag 
: accounted for by the end of the 6th day following its administration ag 
3 sulfide sulfur. 

When the intraperitoneal injection of sodium sulfide containing radio- 
active sulfur (S*) followed the oral administration of phenol (Table IJ), 
the amount of radioactive sulfur (S*®) recovered in the ethereal sulfate 
4 fraction was greater. Incidentally, it would seem that not all the phenol 
. was excreted in combination with sulfuric acid. Some may have been 
excreted in combination with glucuronic acid, since the urines, when com- 
pared with urines collected from rats which had not received phenol, gave 
positive tests for glucuronic acid (the naphthoresorcinol test ). 


SUMMARY 


About 50 per cent of the radioactive sulfur (S*) orally administered as 
sodium sulfide to rats appeared in the urine as sulfate sulfur within 24 
hours. Part of it was present in the ethereal sulfate fraction. Small frac- 
| tions of the administered radioactive sulfur were found in all the tissues 
ie examined, including the hair. 
When sodium sulfide containing radioactive (S*) was intraper'- 
f toneally injected, the radioactive sulfur was excreted to the extent of 
9 approximately 90 per cent in the urine and feces in the course of 6 days. 
- Some of it appeared in the urine as ethereal sulfate sulfur. The amount of 
radioactive sulfur (S*) appearing in the ethereal sulfate fraction was in- 
creased by the oral administration of phenol. 


The interest and advice of Professor C. 8. Robinson is gratefully acknowl 
edged. The radioactive sulfur was kindly supplied by Dr. P. F. Haha, 
who also graciously assisted with the radioactivity measurements. 
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ON THE ELECTROPHORETIC PATTERN OF RED BLOOD CELL 
PROTEINS* 


A PRELIMINARY STUDY 


By KURT G. STERN, MIRIAM REINER, ano ROBERT H. SILBER 


(From the Department of Chemistry, Polytechnic Institute of Brooklyn, and the 
Chemical Laboratories of Mount Sinai Hospital, New York) 


(Received for publication, October 8, 1945) 


During the past 7 vears, the electrophoretic behavior of serum and plasma 
proteins has been studied by numerous investigators (1, 2) and under a 
variety of conditions. In contrast to this situation in the field of dissolved 
blood proteins, the colloids present in the formed elements of blood seem 
to have received little or no attention from those engaged in electrophoresis 
research, except for a few isolated studies on purified hemoglobin (3). The 
bulk of experiments dealing with the electrochemical behavior of red blood 
cells have been performed on intact cells with the micro cataphoresis tech- 
nique (4) and, hence, yield no information about the number and electro- 
phoretic character of the intracellular proteins, since it can be shown that 
the behavior of a particle in an electrical field is a unique function of its 
surface (4). 

The experiments, which are exploratory in nature, indicate that the 
electrophoretic patterns of hemolysates of human, dog, and chicken red 
blood cells are considerably less complex than those given by the plasma 
and serum of these species. The reason for this phenomenon is not the 


greater simplicity in composition of the erythrocyte compared with the 


surrounding medium but the fact that hemoglobin represents quantita- 
tively by far the most dominant constituent of the non-nucleated red blood 
cell. Many of the other components are present in concentrations too 
small to give rise to boundaries detectable with the optical system here 
emploved. 
EXPERIMENTAL 
Materials and Technique 


The human red blood cells employed in this study were obtained from 
citrated whole blood withdrawn from normal or nearly normal subjects. 
In two instances, the red cell count was near the upper limit of the normal 
range or even indicated a slight degree of polycythemia (hematocrit cell 
volume readings, 50 and 50.7 per cent respectively). The dog and the 


*This work was made possible by a grant from the Carrie 8. Scheuer Foundation 
of New York. 
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chicken’ erythrocytes were separated from oxalated and citrated whole 
blood respectively, which, in the latter case, was pooled from severa] 
animals. 

For the electrophoretic experiments, the cells were separated from the 
plasma by gentle centrifugation in an angle centrifuge. The top layer 
containing leucocytes was removed. ‘The cells were repeatedly washed 
at the centrifuge with 0.9 per cent saline solution and then laked, in the 
packed state, by freezing in a dry ice-acetone bath and thawing at room 
temperature; this procedure was repeated twice. The laked cells were sus- 
pended in 4 or 9 volumes of the buffer to be employed in the electrophoresis 
experiment and then dialyzed against 2 liters of the same buffer (see below) 
for several days in the refrigerator. Prior to the experiments, the dialyzed 
solutions were centrifuged for 10 minutes at approximately 4000 R.p.m, 
in the angle centrifuge to remove suspended solids. In the case of the 
human and dog cells, the sediment thus obtained was negligible, indicating 
that almost all of the red blood cell contents had been brought into solution 
by the combined action of lysis and of the weakly alkaline buffer. In the — 
instance of the red blood cells of the chicken, a bulky, gelatinous precipitate 
iormed during the dialysis and was separated from the hemolysate by the 
subsequent centrifugation. This material probably represented nuclear 
proteins which are insoluble at pH 8.6, the pH chosen for the experiment. 
A hemolysate of rabbit red blood cells which was, however, not examined in 
aq the Tiselius apparatus, yielded a voluminous, colorless precipitate under 
} similar conditions. Since rabbit red blood cells are non-nucleated, the 
| nature of this precipitate remains to be determined. 

In the majority of the experiments, the barbiturate buffer, recommended 
i by Longsworth (2) for human serum, was employed. This buffer contains 
‘a 0.1 x sodium barbital and 0.02 N barbituric acid; its ionic strength is 0.1 and — 
the pH 8.6. In one experiment with a human red blood cell hemolysate, 
a phosphate buffer mixture, 0.064 N with respect to NasHPO, and 0.008 x _ 
with respect to NaH2PO,, of 0.2 ionic strength and pH 7.5 was used. | 

The electrophoresis experiments were carried out in a commercial Tiselius 
apparatus, with use of either the analytical cell constructed according to 
Tiselius and Longsworth (cf. (2)) or the Tiselius separation cell of 11 ee. 
capacity. The temperature was held constant at_1.1°; the time of elec- | 
trolysis was 12,000 to 17,000 seconds, with a current of 0.015 ampere and 
a corresponding potential gradient of F = 6.6 volts percm. The electro- 
phoretic diagrams were visually observed with the Svensson crossed sit 
method and photographically recorded on Eastman panchromatic plates 
with Longsworth’s schlieren scanning technique; as light source a single 
filament tungsten lamp was used. This made possible the observation 
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1 For the sample of chicken blood the authors are indebted to Mr. H. J. Noebels. 
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and recording of refractive index gradients arising in the deeply red-colore | 
hemolysates during electrophcresis. The mobilities of the various com- 
ponents giving rise to maxima in the diagrams were computed by measuring 
directly on the original negatives the distances of the peaks from the start- 
ing position of the boundary and dividing this distance (in em.) by the 
photographic magnification factor of the camera (1.094), the time of elec- 
trolysis (in seconds), and the potential gradient (in volts per em.). The 
mobilities were determined both for the descending and the ascending limb 
of the apparatus. The pH and conductivity of the various solutions were 
determined with the glass electrode and a conductivity bridge respectively. 

The analytical determinations, performed on the original solutions and 
on some of the electrophoretic fractions, included nitrogen (micro-hKjeldahl), 
protein by Wu’s tyrosine method, and hemoglobin by photoelectric color- 
imetry, checked by determining the oxygen capacity of the blood (for details 
of the analytical procedures see ¢.g. Reiner (5)). 


Observations and Results 


The most striking feature of the electrophoretic behavior of all red blood 
cell hemolysates examined thus far is the separation, in the ascending limb 
of the cell, of an opalescent, colorless component with an anodic mobility 
about twice as high as that of oxvhemoglobin at the pH values selected for 
these preliminary experiments. The phenomenon is best observed by 
direct inspection of the electrophoresis cell, either in transmitted or in 
incident light. Im some experiments, the boundary of the opalescent 
material exhibited a cusped appearance and in others a slight amount of 
streaming, reminiscent of the behavior of dilute suspensions of elementary 
bodies of vaccinia during electrophoresis (6). In the descending limb of 
the cell, the relatively fast migration of the trailing boundary of the 
opalescent component leaves behind purified hemoglobin, resulting in a 
distinctly enhanced transparency of the deep red solution. The etfeet may 
best be compared with the removal of a veil or shadow from an under- 
lving brightly colored object. Owing to the limitations imposed upon the 
schlieren method by strongly colored and turbid media, the schlieren scan- 
ning photographs fail to bring out the features just mentioned in their full 
distinction. 

Under the experimental conditions employed, the ascending boundary 
of the opalescent component reached the top of the anode limb of the 
Tiselius-Longsworth analytical cell at a time when the oxvhemoglobin 
boundary had progressed to about the middle of the compartment. On the 
cathode side, the downward movement of the opalescent material and the 
slower migration of the hemoglobin boundary left a clear and colorless zone 
in the upper part of the cell, which, as far as can be judged, did not contain 


a colloidal component. The stationary peak recorded in that limb would 


Whole | 
Vera] 
the | 
layer | 
‘ashed | 
in the | 
room 
sus. | 
Oresis | 
plow) 
ilyzed 
R.P.M. 
of the 
ating 
lution 

n the 
vitate 

Vv the 
iclear 
rent, 
ed in 
inder 

, the 
nded 
tains 
and 
sate, 
US N 

lius 
ig to 
l ce. 
elec- 
and 

slit 

ates 
ngle 

tion 


734 RED BLOOD CELL PROTEINS 


thus correspond to the buffer-buffer concentration anomaly which, in the 
‘ase Of blood serum, has been called the e-boundary (1,2). A corresponding 
stationary peak, designated as the 6-boundary, was observed and recorded 
in the ascending limb of the cell. 

Typical schlieren scanning diagrams, obtained with /wman hemolysates, 
are reproduced in Fig. 1. In these diagrams, there are recorded the low 
peak due to the opalescent, colorless material (a component), the dominant 
peak of the oxvhemoglobin (IIb), and a very small maximum due to a4 
colorless component (4 protein) of a mobility lower than that of hemoglobin, 
in addition to the 6 and € anomalies. The a and the 6 components amount 
to only a few per cent of the total protein present. A quantitative estima- 


Hb 


a 


Ascending 


Descending <— 


Fic. 1. Electrophoretic patterns obtained with human red blood cell hemolysates. 
The diagrams of the descending and ascending boundaries were obtained in different 
experiments, with different samples of human erythrocytes. They are paired here 
merely for the purpose of illustrating the phenomena discussed in the text. 


tion of their concentration from the diagrams by planimetry is not possible 
because the experiments had to be conducted at hemoglobin concentrations 
too high to record the maximum of the hemoglobin peak on the plate by 
the scanning method. Moreover, the refractive increments of these com- 
ponents are not as vet known. Protein determinations by Wu’s tyrosine 
method and micro-Kjeldahl determinations on the various fractions, re- 
moved from the cell after electrophoresis, indicated that the opalescent a 
component amounts to only 2 to 5 per cent of the hemoglobin concentration. 
The Kjeldahl determinations are complicated by the nitrogen content of 
barbiturate. In one experiment with phosphate buffer, the nitrogen con- 
tent of the compartments containing the hemoglobin was about 6 mg. per 
cc., Whereas the corresponding figure for the a fraction was 0.16 mg. per 
ec. The a fraction may readily be obtained free from contamination by 
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hemoglobin; on the other hand, the hemoglobin fraction is contaminated 
by the b protein which, at this pl, migrates at a rate so similar to that 


Descending <- 


kia. 2 


hia. 3 


Fic. 2. Electrophoretic diagram, recording the deseending boundaries of a dog 
red blood cell hemolysate. (See also Table 1.) 
Fic. 3. Pattern, recording the descending boundaries of a chicken hemolysate. 


(See Table 1.) 


: Duration 
Experiment Red cells, 


No. species electrolysis 
371 Human 12,900 
7 a 14.400 
376 Dog 12.900 


384 Chicken  16.S00 


Tassie 
Electrophoretic Mobilities of Components of Red Blood Cell Hemolysates* 

Experimental conditions, barbiturate buffer, pH S.6. 4 = 0.1; potential gradient, 

F = 6.64 volts per em.; temperature, 1.1 


Limb of « ell 


Ascending 


Descending 
Ascending 
Descending 
Ascending 
Descending 


Mobilities of components xX 10° 


a protein Hemoglobin 5 protein ¢ protein 
2.91 t 
7.22 t 
7.51 3.50 2.24 
6.14 2.5% t 
6.45 2.57 1.59 

4.00, 2.91 
t 3.50, 2.79 t 5.60 


* The assistance rendered by Mr. 8. Singer in the caleulation of the mobilities 


listed in this table is gratefully acknowledged. 


t Not present. 
t Not determined. 


of hemoglobin that the compensation principle of Tiselius would have to 
be emploved to effect a significant separation of these two components. 

The diagrams recorded upon electrophoresis of dog and chicken hemoly- 
sates are reproduced in Figs. 2 and 3 respectively. 
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It will be noted that the diagram obtained with dog erythrocytes (Fig, 2) 
is very similar to those obtained with human red blood cells (Fig. 1). The 
chicken hemolysate, on the other hand, vields a pattern (Fig. 3) whieh 
differs greatly from those recorded for the two mammalian species: The 
hemoglobin boundary, in the descending limb, shows a distinct split inte 
two components of similar mobility and, furthermore, there is present in 
the same limb a colorless component (¢ profern), of a mobility intermediate 
between that of the opalescent component (a protein) and the two hemo- 
globin fractions. There is no evidence in the avian red blood cell diagram 
for the presence of the & protein encountered in human and dog cell hemol- 
vsates. 

The mobilities of the various boundaries observed in the hemolvsates are 
listed in Table I. 


DISCUSSION 


Analytical work on the composition of red blood cells (7) has shown that, 
in non-nucleated erythrocytes, hemoglobin accounts for 87 to 95 per cent 
of the total solids. In addition, 5 to 12 per cent of other proteins, about 
0.6 per cent lecithin, about O44 per cent cholesterol, and a number of in- 
organic constituents have been found by chemical methods. Nucleated 
red blood cells, on the other hand, may contain as much of other proteins 
as they do of hemoglobin. — In addition, erythrocytes are known to contain 
small amounts of sugars, glucuronic acid, creatine, and hemocuprein (a 
copper protein), as well as the full complement of enzymatic and non- 
enzymatic catalysts required for glycolysis and, in the instance of the 
nucleated cells, also for respiration. 

The low molecular constituents are removed by the dialysis preceding 
the electrophoresis. The majority of the colloids contained in the red 
blood cell, because of their low absolute and relative concentration, do 
not appear in the electrophoretic diagrams as obtained with hemolysates 
under our experimental conditions. With the exception of hemoglobin, 
the location of which in the electrophoresis cell may be readily ascertained 
with the aid of its color and spectrum, the nature of the other elect ropho- 
retic components (a, b, and ¢ protein) here observed and their possible 
identity with known red blood cell constituents remain to be established. 

Among the components here observed, the greatest interest attaches to 
the opalescent, colorless material of high anodic mobility at pH 8.6 (a 
component). The Tyndall effect given by this fraction indicates that the 
individual particles possess an appreciable size, but it cannot be decided at 
this time whether one is dealing here with a macromolecular protein (or 
lipoprotein) or with structural cell fragments in suspension. If this ma- 
terial is derived from the red blood cell membrane or the stroma, which 
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may be identical or closely related in their composition,’ its electrophoretic 
mobility should agree with the mobility of intact erythrocytes as deter- 
mined with the microscopic cataphoresis technique. The mobility of 
human red blood cells at pH 8.35 and an ionic strength of 0.172, expressed 
in terms of V (u per second per volt) is given as 1.06 at 25° (8). Upon 
conversion into u (cm.? per second per volt), the mobility unit em- 
ployed in moving boundary experiments, this value becomes 10 « 10-. 
In order to reduce this value to the mobility at 1°, it must be divided by a 
factor of 2. The resulting figure, viz. u = 5 X& 10°, is in satisfactory 
agreement with the values found for the mobility of the opalescent a protein 
in the present experiments (see Table I), thus lending strong support to 
the assumption that this component is contained in the surface of the red 
blood cell. It is planned to investigate this point further by chemical 
comparison of purified stroma protein with a protein prepared by electro- 
phoresis. 

It is planned to extend this investigation to cover a wider pH range, as 
well as to other animal species and to hemolysates obtained by various 
procedures from normal as well as pathological blood cells. 


SUMMARY 


Preliminary experiments on hemolysates from several species (man, dog, 
and chicken) by the moving boundary method of electrophoresis have dis- 
closed patterns considerably less complex than those recorded for the 
serum and plasma of the same species. The major component in the 
erythrocyte diagrams is represented by hemoglobin, as is to be expected 
from the analytical composition of the red blood cell. In addition, all 
hemolysates examined showed the presence of a small amount of an opales- 
cent, colorless fraction (designated as a protein) of an anodic mobility of 
about 6 X 10-5 cm.? per volt per second at pH 8.6, as compared to about 
3 X 10-* for the hemoglobin. The mobility of the opalescent material is 
of the same order as that of intact erythrocytes, suggesting that it is derived 
from the membrane or the stroma of the cells. In addition to these com- 
ponents, human and dog hemolysates contain a minor, colorless component 
(b protein) of a mobility somewhat smaller than that of hemoglobin, while 
chicken red blood cells possess, instead, a component (c protein) of a 
mobility intermediate between that of hemoglobin and the opalescent 
material (a protein). 

The identity of the various components other than hemoglobin remains 
to be established. 


s Ponder, E., and Furchgott, R., personal communication. 
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ITATARTARIC ACID, A METABOLIC PRODUCT OF AN ULTRA- 
VIOLET-INDUCED MUTANT OF ASPERGILLUS TERREUS 


By FRANK H. STODOLA, M. FRIEDKIN, ANDREW J. MOYER, anp 
ROBERT D. COGHILL 


(From the Fermentation Division, Northern Regional Research Laboratory,* 
Peoria, Illinois) 


(Received for publication, October 18, 1945) 


A survey (1, 2) of numerous strains of Aspergillus terreus to determine 
their ability to convert sugars to itaconic acid has shown that, in addition 
to this unsaturated acid, some of the strains produce considerable amounts 
of saturated acids as well. The products of one of these strains, an ultra- 
violet-induced mutant, have been studied with the view of determining the 
nature of the acids. 

For separation of the saturated acids, the methyl esters were fractionated 
in vacuo to yield two main fractions boiling at 129—-134° and 151-154° at 
2to3 mm. The lower boiling material was converted into an optically 
active benzylamide (m.p. 103°) showing the composition C),H2O,No. 


COOH COOH 
HO—C—CH,0H 

CHOH 

COOH 


(I) (II) 


Cleavage of this derivative with periodic acid yielded formaldehyde and an 
optically inactive compound, C;sH;sO03Ne2, suggesting the parent acid to be 
a dihydroxylated dicarboxylic acid of the molecular formula CsH;O,. Of 
the nine acids of this formula theoretically possible only two, I and II, can 
give formaldehyde on periodic acid cleavage. Since a compound with 
formula II is related to itaconic acid, it was considered the more likely 


possibility. To conform with this formula, the structure of the C,sH;s0;N2 
Oo O O 


| 
cleavage product would have to be CsH;—CH.:—N H—C—C—CH:—C— 


NHCH.—C;,H;. That this is the correct structure was established by its 
reduction to a compound found to be identical with the dibenzylamide of 
dl-malic acid. 
* One of the laboratories of the Bureau of Agricultural and Industrial Chemistry, 
Agricultural Research Administration, United States Department of Agriculture. 
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So far as we know, this is the first report of the formation of this homo- 
logue of tartaric acid by a microorganism. It has, however, been prepared 
synthetically (3-6) in the racemic form from itaconic acid and is known ag 
itatartaric acid. Apparently, it exists only in the form of its salts. The 
lactone (6) of racemic itatartaric acid has, however, been isolated as a 
crystalline solid with a melting point of 104°. Our ester fraction with a 
boiling point of 151—154° is presumably the methyl] ester of the lactone, 
since it gives the same benzylamide as the lower boiling fraction. The 
lactone methyl! ester fraction (6.58 gm.) corresponds to 5.62 gm. when 
converted to the dibasic acid; similarly, the lower boiling fraction (5.40 
gm.) is equivalent to 4.61 gm. of the same acid. The yield of itatartaric 
acid, then, is 10.23 gm. or 5.8 per cent of the total weight of acid produced 
in the fermentation. 


EXPERIMENTAL 


Fractionation of Methyl Esters—The strain of Aspergillus terreus used 
(Northern Regional Research Laboratory, No. 265.514) is an ultraviolet- 
induced mutant (7) of an organism isolated originally from Texas soil and 
carried in the laboratory collection as Northern Regional Research Labora- 
tory, No. 265. It was grown at 30° for 10 days in 3 liter flasks (750 cc. per 
flask) on a medium of the following composition: Glucose 220 gm., MgSQ,: 
7H20 0.50 gm., KCl 0.05 gm., H;PO, 0.418 gm., ZnSO,-7H2O 0.022 gm., 
0.50 n HCl 4.0 cc., 0.50 n HNO; 8.0 cc., NH,sNO; 4.0 gm., corn steep liquor 
1.0 gm., and distilled water to 1 liter. 

The culture liquor, after removal of the mold mats, was concentrated 
tn vacuo (bath 50°) from a volume of 3.75 liters to 300 cc. The crystals 
of itaconic acid separated during cooling in the ice box were filtered off. 
The filtrate was then extracted continuously with ether for 24 hours. The 
ether extract was concentrated several times to remove more itaconic acid. 
A total of 134.9 gm. of crystalline itaconic acid was obtained from the 3.75 
liters of culture liquor. The filtrate, freed of most of the itaconic acid, 
was then concentrated to a gum weighing 43.8 gm. This residue was dis- 
solved in methanol and an excess of diazomethane in ether added. Re- 
peated fractionation of the methyl esters with a Vigreaux column gave the 
following main fractions: 83-95° (5 mm.), weight 6.31 gm. (mostly methyl 
itaconate as judged by the boiling point and bromine absorption) ; 95-105° 
(3 mm.), weight 2.74 gm.; 129-134° (2 to 3 mm.), weight 5.40 gm.; 15l- 
154° (2 to 3 mm.), weight 6.58 gm.; and a tarry residue. 

Benzylamide from Fraction with Boiling Point of 129-134°—This methyl 
ester fraction with a boiling point of 129-134° was a viscous, pale yellow 
oil which on analysis proved to be C7.2sHi:,;0.and showed an [a]? = —29°. 
700 mg. were heated for 2 hours at 60° with 0.5 cc. of methanol and 2.0 ce. 
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of benzylamine. ‘The reaction product was dissolved in ether and the solu- 
tion washed with dilute hydrochloric acid. The crystals (675 mg.) ob- 
tained by concentration of the ether were crystallized from methanol-ether 
in the form of long needles melting at 103—-104°. Tests for sulfur, carbonyl, 
and alkoxyl were negative. The rotation was [a]?*> = —42° (55.1 mg. in 
1.50 ec. of 95 per cent alcohol). 


Calculated. C 66.49, H 6.48, N 8.18 
Found. 66.6, ‘ 6.18, 8.30 (Kjeldahl) 
66.8, ‘* 6.39, 8.16 


Periodic Acid Cleavage—To the benzylamide (192 mg.), dissolved in 7.5 
ec. of methanol, was added a solution of 0.5 gm. of H;IO, in 0.5 ec. of 1 N 
HSO,. Needles appeared in about a minute and were filtered off 1 hour 
later after the addition of 2 volumes of cold water. The product (115 mg.) 
melted at 172—-173° with evolution of gas. Two crystallizations from 
acetone did not raise the melting point. The product is optically inactive. 
In alcohol solution, it gives a deep reddish color with FeCl). 


CisH,sO;Ne. Calculated. C 69.66, H 5.85, N 9.03 
Found. ** 69.6, 5.83, 8.94 (Kjeldahl) 
69.5, 6.02 


The other cleavage product was identified as formaldehyde in the fol- 
lowing manner. The benzylamide (9 mg.) was dissolved in 0.2 cc. of al- 
cohol and 20 mg. of HsIO, in several drops of aleohol added. After 1 hour, 
the reaction mixture was diluted with an equal volume of water and the 
crystals removed by filtration. The filtrate was made slightly alkaline to 
litmus with K2CO; and then slightly acid with acetic acid. The precipi- 
tated KIO, was filtered off and 12 mg. of dimethyldihydroresorcinol in 
0.15 ec. of alcohol were added. The crystals were separated and crystal- 
lized from dilute alcohol, yielding 1.8 mg. of needles (m.p. 187—188°) show- 
ing no depression on melting with an authentic sample of the formaldehyde 
dimedon condensation product. The x-ray diffraction patterns were also 
found to be identical. 

Reduction of Periodic Acid Cleavage Product—10 mg. of the cleavage 
product (m.p. 172-173°) were dissolved in 2 cc. of 1 N NaOH containing 
afew drops of alcohol. To this solution 0.6 gm. of 2 per cent Hg-Na was 
added gradually. Crystals appeared and.were filtered off. They weighed 
3 mg. and gave no color with FeCl; in aqueous alcohol. Crystallization 
from alcohol gave 1.8 mg. of product melting at 145-146°. Mixed melting 
point test and x-ray diffraction patterns showed it to be identical with the 
dibenzylamide of dl-malic acid. 

dl-Malic Acid Dibenzylamide—200 mg. of dl-malic acid in methanol were 
methylated with excess ethereal diazomethane. The methanol was re- 
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moved and the residue heated for 2 hours at 80° with 1 ec. of benzylamine. 
The reaction product was worked with ether and the resulting crystals 
removed by filtration. Crystallization from alcohol gave 220 mg. of the 
pure benzylamide in the form of bars melting at 145-146°. 


Ci; sH29O3N2. Calculated. 69.21, H 6.45, N 8.97 
Found. 69.4, 6.36, 8.60 
8.84 


Benzylamide from Fraction with Boiling Point of 151—154°—The methyl 
ester fraction with a boiling point of 151-154° (2 to 3 mm.) was a viscous 
yellow oil showing 20.4 per cent methoxyl. The calculated value for the 
lactone methyl ester (CsHsO;) is 21.0 per cent. A sample of the methyl! 
ester (135 mg.) was converted to the benzylamide with a melting point of 
102-—103° (106 mg.). There was no depression in melting point on admix- 
ture with the benzylamide from the lower boiling fraction. 


SUMMARY 


About 5.8 per cent of the total acids produced by an ultraviolet-induced 
mutant of Aspergillus terreus has been shown to be an equilibrium mixture 
of itatartaric acid and its lactone. These compounds have not previously 
been found to occur naturally. 
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LETTERS TO THE EDITORS 


SOME PROPERTIES OF SYNTHETIC CODECARBOX YLASE 
Sirs: 

Codecarboxylase! (phosphorylated pyridoxal*), the coenzyme of amino 
acid decarboxylases' * and of transaminase,* has now been synthesized and 
purified as the barium salt. The chemical properties and their correlation 
with coenzyme activity are also reported. 


The treatment of pyridoxal® in aqueous solution with POCI; has yielded 
codecarboxvlase, which has been purified by the methods used for the frac- 


2 


SYNTHETIC CODECARBOXYLASE 
BARIUM SALT (50-4) 


pH2 


DENSITY 


> 


2000 2500» 3000 3500 


tionation of phosphate esters, the codecarboxylase being found in the water- 
soluble, alcohol-insoluble fraction of the barium salts. The yield of coen- 
zyme was followed with the tyrosine decarboxylase assay® until yields were 
sufficient for purification. 


1 Gale, E. F., and Epps, H. M. R., Biochem. J., 38, 250 (1944). 
?Gunsalus, I. C., Bellamy, W. D., and Umbreit, W. W., J. Biol. Chem., 155, 685 
(1944). 
Gale, E. F., and Braddily, J., Nature, 166, 727 (1945). Umbreit, W. W., and 
Gunsalus, I. C., /. Biol. Chem., 169, 333 (1945). 
‘ Lichstein, H. C., Gunsalus, I. C., and Umbreit, W. W., J. Biol. Chem., 161, 311 
(1945). 
* We are indebted to Merck and Company, Inc., for the pyridoxal used in these 


*Umbreit, W. W., Bellamy, W. D., and Gunsalus, I. C., Arch. Biochem., 7, 185 
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The absorption spectrum of a sample prepared by this method, as given 
in the figure, differs from that of pyridoxal largely in the lack of an absorp. 
tion band at 3000 A in alkaline solution, the absorption spectrum of 
pyridoxal in the ultraviolet being similar to that of pyridoxine.’ Synthetic 
codecarboxylase does not give a phenol reaction by the chloroimide 
method,’ which is positive for pyridoxal. 

The sample contains 6.2 per cent organic phosphorus, 32 per cent pyri- 
doxal by spectrum (1 atom of phosphorus per mole of pyridoxal), and about 
50 per cent barium. The coenzyme activity is about 18 times that of the 


Rate of Hydrolysis of Synthetic Codecarborylase at 100° 


Time Coenzyme destroyed Pliberated 
min. per cent per cent per cent per cent 
0 0 0 | 0 : 0 
30 49 : 42 | 42 48 
60 76 68 | 70 68 
90 79 78 | S1 81 
120 88 91 | 94 90 
180 99+ 99.7 | 100 100 


Pyridoxal content of sample estimated from spectrum = 32 per cent; from chloro- 
imide phenolic reaction after hydrolysis = 36 per cent. 


pyridoxal-ATP standard used in the assay system, thus affording confirma- 
tion of data on codecarboxylase formation from members of the vitamin 
Be group by growing cells. ° 

Upon hydrolysis, in'N HCl at 100°, the codecarboxylase activity is de- 
stroyed, as is indicated in the table, with a corresponding release of inorganic 
phosphate, appearance of a phenolic reaction, and increase in absorption at 
3000 A in alkaline solution. 


Laboratory of Bacteriology I. C. GUNSALUS 
College of Agriculture W.W. UMBREIT 
Cornell University W. D. BELLAMY 
Ithaca C. E. Foust 
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7 Harris, S. A., Webb, T. J., and Folkers, K., J. Am. Chem. Soc., 62, 3198 (1940). 

8 Scudi, J. V., J. Biol. Chem., 139, 707 (1941). 

* Bellamy, W. D., Umbreit, W. W., and Gunsalus, I. C., J. Biol. Chem., 160, 461 
(1945). 
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INTERMEDIATES OF ACETATE OXIDATION IN KIDNEY 
Sirs: 

The recent report of Buchanan et al.' disclosing that components of the 
Krebs cycle are major intermediates of acetate and acetoacetate oxidation 
in kidney substantiates previous conclusions of Breusch? and Wieland and 
Rosenthal.2 A paradoxical feature, however, is that, whereas the con- 
clusions of Breusch and Wieland are based on the actual formation of citric 
acid from acetoacetate and oxalacetate (confirmed by Hunter and Leloir‘), 
the isotopic tracer study by Buchanan et al. appears to eliminate citric acid 
as a direct participant in acetoacetate oxidation. 


C8 Concentration in Possible Intermediates of Acetate Oxidation in Kidney 


Additions 


Na a-ketoglutarate, 
0.68 mu 


citrate,0.64mmu_ cis-aconitate, 0.45 mu 


mu C™ excess mM excess) mu excess 

Acetate utilized............ 0.31 3.90 0.16 3.90 0.18 3.90 

Intermediate recovered..... 0.36 0 — 0.26 (As | 0 0.38 | 0.24 
| citrate) | | 

Respiratory COz........... 1.23) 0.86 0.78 | 0.78 0.54 


Distribution of Excess C™ in Ketoglutarate 


Ketoglutarate COOH adjacent succinate | Succinate 
| 
excess, atoms %........... om. 


Using sodium acetate, labeled with C™ in the carboxyl carbon, we have 
found, in agreement with Buchanan et al., that acetate is converted to keto- 
glutarate by kidney slices. However, neither citrate nor substances in 
equilibrium with it appear to be intermediates of acetate oxidation in this 
organ. 

When labeled acetate, together with non-isotopic a-ketoglutarate, was 
incubated aerobically with rat kidney mince, the recovered ketoglutarate 
(isolated as the semicarbazone, m.p. 200-202°) had a significant excess of 


' Buchanan, J. M., Sakami, W., Gurin, 8., and Wilson, D. W., J. Biol. Chem., 169, 
695 (1945). 

? Breusch, F. L., Science, 97, 490 (1943). 

* Wieland, H., and Rosenthal, C., Ann. Chem., 664, 241 (1943). 

‘Hunter, F. E., and Leloir, L. F., J. Biol. Chem., 169, 295 (1945). 
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C™, Permanganate oxidation and subsequent degradation of the resulting 


succinate by pyrolysis of the barium salt at 500° indicated that about one. 
sixth of the excess isotope was in the ketoglutarate carboxy] adjacent to the 
CO group, the remainder being in the carboxy] carbons of the succinate 
moiety. 

When citrate and isotopic acetate were incubated with kidney mince, the 
recovered citrate (isolated as the trisodium salt) contained no excess C¥, 
Repetition of this experiment with kidney and liver slices gave similar nega- 
tive results. When isotopic acetate and czs-aconitate were incubated to- 
gether under the same conditions, rapid establishment of aconitase 
equilibrium resulted in conversion of the unutilized aconitate to citrate, 
which again contained no measurable C® excess. 

Negative results in such experiments must be interpreted with caution, 
inasmuch as it is possible that a biologically formed, isotopic intermediate 
may not come into equilibrium with the added substrate. However, in 
view of the facts (a) that acetate oxidation had doubtless occurred, as shown 
by the high isotope content of the respiratory CO2, and (b) that this same 
procedure was successful in demonstrating the conversion of acetate to 
ketoglutarate and to acetoacetate,> the conclusion seems warranted that 
citric acid as such is not in the direct pathway of acetate oxidation in kidney. 

Inasmuch as aconitase was active, as was demonstrated by conversion of 
cis-aconitate to citrate, it would appear either that cis-aconitate is not an 
intermediate of acetate oxidation or that under the conditions of its 
biological formation it does not come into equilibrium with citric acid. 


Research Laboratories | StpNeY WEINHOUSE 
Houdry Process Corporation of Pennsylvania GRACE MEDES 
Marcus Hook, Pennsylvania NORMAN F. FLoyp 

Lankenau Hospital Research Institute — LAFAYETTE NODA 
Philadelphia 
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5 Medes, G., Weinhouse, S., and Floyd, N. F., J. Biol. Chem., 167, 751 (1945). 
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ANUTRITIONALLY PRODUCED CEREBELLAR DISORDER IN 
CHICKS, NOT ASSOCIATED WITH E AVITAMINOSIS 


Sirs: 

A disorder in chicks involving an incoordination of movements and con- 
vulsions was observed on highly purified diets of the following composition 
per 100 gm.: water-washed casein 22.2, /(+ )-arginine monohydrochloride 
0.3, glycine 0.9, /(—)-cystine 0.4, calcium gluconate 5.0, cellulose (Cellu flour) 
5.0, soy bean oil 3.0, fish oil (sardine) (3000 A-400 D) 0.25, sodium chloride 
mixture containing 0.49 per cent manganese, 0.1 per cent copper, 0.05 per 
cent zinc, 0.05 per cent aluminum, 0.002 per cent cobalt, and 0.04 per cent 
iodine 1.0, Ca3(POx,)2 3.5, KeHPO, 1.3, KCI] 0.3, MgSO, 0.1, Na,SiO;-9H,O 
0.25, cholic acid 0.1, choline chloride 0.2, and glucose (cerelose) 56.2 gm. 
Toevery 100 gm. of the above mixture were added solubilized liver eluate 


Per cent of 
Day-old chicks in groups of 10 ~t. chicks with | chicks with 
14 days | brain lesions | qunptemne 
| 
gm. 
Purified ration + Omg. “© vitamin E*........ | 15 | 100 100 
Commercial type ration. 41 | 


* Synthetic a-tocopherol (Merck). 


equivalent to 4 gm. of solubilized liver, thiamine hydrochloride 0.5 mg., 
pyridoxine hydrochloride 0.4 mg., riboflavin 0.5 mg.,d-calcium pantothenate 
1.5 mg., nicotinic acid 1.0 mg., 2-methyl-1,4-naphthohydroquinone diac- 
etate 1.0 mg., synthetic a-tocopherol (Merck) 1.0 mg., and biotin! 0.01 mg. 

The solubilized liver eluate was prepared by extracting 1 kilo of 
solubilized liver? four times with 2 gallon portions of water brought to pH 4 
with sulfuric acid. The solids were allowed to separate by gravity and the 
supernatant fluid was removed by siphon. The clear extract was then 
treated twice with 250 gm. portions of charcoal at pH 4. The charcoal was 
removed by filtration and eluted with a solution of 60 per cent acetone and 
40 per cent water containing 2 per cent NH,OH. The removal of the ace- 
tone and ammonia and the concentration of the eluate were effected by 
distillation in vacuo. 


1 Crystalline biotin donated by Merck and Company, Inc. 
* Liver fraction L donated by The Wilson Laboratories, Chicago, Illinois. 
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The disorder was found to be associated with a cerebellar lesion, obsery. 
able grossly in severely affected chicks and only microscopically in mild 
cases. While gross symptoms appeared in 70 different groups of chicks 
receiving the purified ration, none have been observed in chicks fed a com- 
mercial type ration composed of mixed natural feedstuffs. All chicks, 
affected by this disorder, whose brains were examined histologically, showed 
the cerebellar lesion. A full description of the syndrome and its production 
will be given in a later communication. Illustrative data are presented in 
the table, which shows that vitamin E in generous amounts does not prevent 
this disorder. The factor in natural foods protecting against these lesions 
has not thus far been identified, and is being further investigated in this 
laboratory. 


Division of Poultry Hushandry F. H. Bmp 
College of Agriculture 
University of California 
Berkeley 
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INFLUENCE OF GELATIN AND TRYPTOPHANE ON NICOTINIC 
ACID REQUIREMENT OF CHICKS* 
Sirs: 

Krehl et al.1 recently reported that either tryptophane or nicotinic acid 
counteracts growth retardation, in rats, caused by the inclusion of corn 
grits in a low protein ration. This observation has been extended to the 
chick and, in addition, it has been found that tryptophane may successfully 
replace nicotinic acid in a purified diet not containing corn. Further 
work has shown that the presence of gelatin in the ration greatly increases 
the nicotinic acid requirement. 

The basal diet, low in a source of arginine and glycine and in nicotinic 
acid,? consisted of glucose (cerelose) 68.4, casein 18, Salts 1M?’ 6, soy bean 
oil 4, liver fraction L 3, and /(— )-cystine 0.3. Each 100 gm. of diet con- 
tained the following amounts (in mg.) of vitamins: thiamine hydrochloride 
0.4, riboflavin 0.8, Ca pantothenate 2.0, choline chloride 200, pyridoxine hy- 
drochloride 0.6, biotin 0.02, 7-inositol 100, p-aminobenzoic acid 0.2, 2-methyl- 
1,4-naphthoquinone 0.1, and a-tocopherol 0.5. Vitamin A (1200 1. wv.) 
and vitamin D (170 A. O. A. C. units) were supplied by dropper weekly. 
Substitutions in the ration were made at the expense of glucose. Day-old 
New Hampshire chicks were used throughout. 

The feeding of 10 per cent of gelatin alone, as a source of arginine and 
glycine, caused a marked depression of the growth rate (compare Groups 1 
and 5) and caused the production of typical nicotinic acid deficiency symp- 
toms.” This inhibitory effect was not noted when gelatin was replaced by 
arginine and glycine, although the growth rate was probably not quite 
optimum. 

All inhibitory action was counteracted by supplementing the gelatin 
with either 5 mg. of nicotinic acid or with 200 mg. of di-tryptophane per 
100 gm. of diet. Likewise, the addition of either nicotinic acid or trypto- 
phane to the diet containing arginine and glycine produced similar rapid 
growth. | 


* Scientific paper No. All2. Contribution No. 1992 of the Maryland Agricultural 
Experiment Station (Department of Poultry Husbandry). The author isindebted 
to Wilson and Company, Inc., Chicago, for 2X gelatin and liver fraction L and to 
Merck and Company, Inc., Rahway, New Jersey, for the crystalline vitamins. 

1 Krehl, W. A., Teply, L. J., Sarma, P. 8., and Elvehjem, C. A., Science, 101, 
489 (1945). 

? Briggs, G. M., Jr., Mills, R. C., Elvehjem, C. A., and Hart, E. B., Proc. Soc. 
Ezp. Biol. and Med., 61, 59 (1942). Briggs, G.M., Jr., Luckey, T. D., Teply, L. J., 
Elvehjem, C. A., and Hart, E. B., J. Biol. Chem., 148, 517 (1943). 

* Briggs, G. M., J. Nutr., in press. 


749 


750 


The inhibition reported in this study cannot be explained solely by the 
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glycine content of the gelatin? (Groups | and 5). 


Likewise, the depressing 
effect of gelatin cannot be due to too high a level of nitrogen in the diet, 


| | 
ae | Supplement to basal diet | of chicks | weight at 
| | 
| 
1 , 10% gelatin 30 | 144 
2 | + 5 mg. nicotinic acid per 100 gm. 23 | 3i4 
3 =+0.1% dl-tryptophane | | 
4 110% “* +402% +6 
0.5% 1(+)-arginine HCI + 3% glycine | 
6 As Group 5 + 5 mg. nicotinic acid per 100 gm. | 6 4° 233°! 
7 + 0.2% dl-tryptophane | 


No. with 
black- 
tongue 


cocoook 


as shown by the substitution of casein for gelatin in similar rations, which 


resulted in normal weight gains. Other factors are apparently involved. 


Department of Poultry Husbandry 
University of Maryland 
College Park, Maryland 
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MODIFICATIONS IN THE ACETOBACTER SUBOXYDANS ASSAY 
FOR p-AMINOBENZOIC ACID* 
Sirs: 

A previous communication! has discussed the use of Acetobacter sub- 
orydans for the assay of the lactone moiety of pantothenic acid. The 
growth medium for the organism therein described was changed in several 
respects from those used earlier for p-aminobenzoic acid assay,?“ in par- 
ticular to include glucose, norit-treated peptone and liver, and additional 
norit-treated hydrolyzed casein. These changes produced a greater re- 
sponse when the lactone was added to the medium. 

It was thought that this enhanced response might also be exhibited when 
p-aminobenzoic acid was the limiting factor for growth. The results in 
the accompanying table indicate that this is the case. The 8-alanine and 
p-aminobenzoic acid in the medium for lactone assay’ have been replaced 


Response of Acetobacter suborydans to p-Amjnobenzoic Acid 


Galvanometer reading (optical density) 


PABA per 10 ml. | 
| 


Present modified medium | Landy-Streightoff medium 
0 | 0.075 0.065 
0.002 | 0.285 0.195 
0.004 | 0.390 | 0.275 
0.006 | 0.440 | 0.320 
0.008 | 0.470 0.340 
0.010 | 0.490 | 0.360 


by 200 y of calcium pantothenate per liter. The growth resulting from 
added p-aminobenzoic acid is compared to that obtained on the Landy- 
Streightoff medium.* 

With the new medium, various samples of veast have been assayed for 
their p-aminobenzoic acid content. The values obtained agreed well 
when calculated at progressively higher assay levels. Recoveries of the 
added vitamin usually were within +15 per cent of the theoretical values. 


Department of Chemistry Vernon H. CHELDELIN 
Oregon State College MARGARET JEAN BENNETT 
Corvallis 


Received for publication, November 23, 1945 


* Supported by a grant from the Nutrition Foundation, Inc. Published with the 
approval of the Monographs Publications Committee, Oregon State College. Re- 
search paper No. 98, School of Science, Department of Chemistry. 

1Sarett, H. P., and Cheldelin, V. H., J. Biol. Chem., 169, 311 (1945). 

* Landy, M., and Dicken, D. M., J. Biol. Chem., 146, 109 (1942). 

* Landy, M., and Streightoff, F., Proc. Sec. Exp. Biol. and Med., 52, 127 (1943). 
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Maltase: Starch enzymolysis, réle, 
Schwimmer, 219 
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SUBJECTS 


Manganese: Compounds, thyroxine for- 


' 


mation, iodinated casein, effect, | 

Reineke and Turner. 613 
Methylnicotinamide: N'-. fate, Perl- 

zweig and Huff, 417 | 


Methylxanthine(s): Blood prothrombin, 
effect, Quick. 33 
Dicumarol and, blood prothrombin, 
effect, Quick, 33 
Mold: See also Aspergillus 
Myelokentric acid: Conjugated, Turner 


and Miller, 91 

N 
Nerve: Tissue, glycolysis, anaerobic, 
Utter, Wood, and Reiner, 197 


Nicotinamide: N'-Methyl-, fate, Perl- 
zweig and Huff, 417 
Nicotinic acid: Amide and sodium, brain 
homogenates, glycolysis and oxygen 
uptake, effect, Racker and Krimsky, 
453 

Requirement, gelatin and tryptophane 


effect, Briggs, 749 
Nucleic acid: Desoxypentose, tissue, 
extraction and determination, 
Schneider, 293 
Pentose, tissue, extraction and deter- 
mination, Schneider, 293 
Nucleotide (s): Acid-soluble, liver, 
Rapoport, 429 
—, —, isolation, Rapoport and Nelson, 
421 
Nutrition: Chick, cerebellar disorder, 
Bird, 747 

O 
Organic compound(s): Identification, 


buffer use, Craig, Golumbic, Mighton, 
and Titus, 321 
—,smallamounts, distribution studies, 
Craig, Golumbic, Mighton, and Titus, 

321 

Oxidase: d-Amino acid, oxygen pressure 


effect, Stadie and Haugaard, 181 
l-Amino acid, isolation, Blanchard, 
Green, Nocito, and Ratner, 583 


Cytochrome, oxygen pressure effect, 


Stadie and Haugaard, 153 
Xanthine, oxygen pressure effect, 
Stadie and Haugaard, 181 


763 


Oxybiotin: d/-, related compounds and, 
biological activity, Winnick, Hof- 
mann, Pilgrim, and Arelrod, 405 


_ Oxygen: Poisoning, Stadie and Haugaard, 


153 
Stadie, Riggs, and Haugaard, 175 
Stadie and Haugaard, 181 
Stadie, Riggs, and Haugaard, 189 


Pressure, acetylcholine-synthesizing 
system, effect, Stadie, Riggs, and 
Haugaard, 189 

—, d-amino acid oxidase, effect, Stadie 
and Haugaard, 181 

—, carbonic anhydrase, effect, Stadie, 
Riggs, and Haugaard, 175 

—, catalase, effect, Stadie, Riggs, and 
Haugaard, 175 

—, cholinesterase, effect, Stadie, Riggs, 
and Haugaard, 175 

—, cytochrome oxidase effect, Stadie 


and Haugaard, 153 
—, pepsin, effect, Stadie, Riggs, and 
Haugaard, 175 
—, succinic dehydrogenase, effect, 
Stadie and Haugaard, 153 


—, uricase, effect, Stadie and Hau- 


gaard, 181 
—, xanthine oxidase, effect, Stadie and 
Haugaard, 181 


Tension, blood, determination, Riley, 
Proemmel, and Franke, 621 
Uptake, brain homogenates, nicotinic 
acid amide and sodium, effect, Racker 
and Krimsky, 453 


P 


Pancreas: a-Glycerylphosphorylcholine, 
isolation, Schmidt, Hershman, and 


Thannhauser, 523 
Pantoic acid: Activity, biological, 
Stansly and Schlosser, 513 
Pantolactone: Activity, biological, 
Stansly and Schlosser, 513 
Pantothenic acid: Excretion, panto- 


thenic acid dosage, temperature, and 
humidity, effect, Spector, Hamilton, 


and Mitchell, 145 
Parathyroid: Extract, strontium, 
labeled, metabolism, effect, Tweedy, 

105 
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Perspiration: 


764 INDEX 


Pentose nucleic acid: Tissue, extraction 
and determination, Schneider, 293 
Pepsin: Oxygen pressure effect, Stadie, 


Riggs, and Haugaard, 175 
Peptide(s): Dunn, Shankman, and 
Camien, 643 


Dunn, Camien, and Shankman, 657 
Dunn, Shankman,andCamien, 669 
p-Aminobenzoic acid, 
Mitchell, and Hamilton, 
357 

Ascorbic acid, conditions affecting, 
Shields, Johnson, Hamilton, and 
Mitchell, 351 
Dehydroascorbic acid, conditions af- 
fecting, Shields, Johnson, Hamilton, 


Johnson, 


and Mitchell, 351 
Inositol, Johnson, Mitchell, and Hamil- 
ton, 357 
Phenol: Urine, determination, Baern- 
stein, 685 
Phenylacetylcholine: Hydrolysis by es- 
terases, Rothenberg, 419 


Phenylalanine: di-, metabolism, thia- 
mine deficiency, Kaser and Darby, 
279 

Protein hydrolysates, determination, 
Leuconostoc mesenteroides and Lacto- 
bacillus casei use, Dunn, Shankman, 


and Camien, 643 
Phosphate(s): Calcium carbonate solu- 
bility, effect, Greenwald, 697 


Phosphoprotein(s): Tissue, determina- 
tion, Schmidt and Thannhauser, 83 
Phosphorus: Compounds, _ tissue, 
Schneider, 293 
Potassium iodide: Iodine excretion, tem- 
perature effect, Spector, 
Mitchell, and Hamilton, 137 
Pregnanediol-3a,117-one-20: Urine, isola- 
tion, Lieberman and Dobriner, 269 
Protein(s): Dunn, Shankman, and 
Camien, 643 
Dunn, Camien, and Shankman, 657 
Dunn, Shankman, and Camien, 669 
Animal, amino acid determination, 
Hier, Graham, Freides, and Klein, 


705 
Blood cell, red, electrophoretic pattern, 
Stern, Reiner, and Silber, 731 


Protein (s)—continued: 
Blood serum, species differences, 
Moore, 21 
Esterification, alcohols, use, Fraenkel. 
Conrat and Olcott, 259 


Hydrolysates, histidine determination, 
Lactobacillus fermenti use, Dunn, 
Shankman, and Camien, 669 

—, phenylalanine determination, Leu- 
conostoc mesenteroides and Lacto- 
bacillus casei use, Dunn, Shankman, 
and Camien, 643 

—, tryptophane-containing, prepara- 
tion, properties, and administration, 


White and Sayers, 485 
Liver, regeneration, Harrison and 
Long, 545 
Phospho-, tissue, determination, 
Schmidt and Thannhauser, 83 
Thromboplastic, human organs, isola- 
tion, Chargaff, 389 
Proteolysis: Soy bean meal, Ham, Sand- 
stedt, and Mussehl, 635 
Prothrombin: Blood, Quick, 33 
—, dicumarol effect, Quick, 33 
—, methylxanthine effect, Quick, 3 
—, — with dicumarol, effect, Quick, 
33 


Pyridoxal phosphate: Transamination, 
role, Lichstein, Gunsalus, and Um 
brett, 311 


R 


Rattlesnake: Blood, Carmichael and 
Peicher, 693 
Ribonucleic acid(s): Desoxy-, tissue, de- 
termination, Schmidt and Thann- 


hauser, 83 
Tissue, determination, Schmidt and 
Thannhauser, 


Rice: Bran extract, tocopherol and, caro- | 


tene preservation, effect, Tomarelli 


and Gyérgy, 367 


Skin: Pantothenic acid excretion, panto- — 


thenic acid dosage, temperature, and 
humidity, effect, Spector, Hamilton, 
and Mitchell, 145 
Sodium: Brain homogenates, glycolysis 


and oxygen uptake, effect, Racker 


and Krimsky, 
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SUBJECTS 765 


Soy bean: See Bean 


Starch: Enzymolysis, maltase  rdle, 
Schwimmer, 219 
Steroid(s): Kidney rginase,_ effect, 
Kochakian, 115 


Urine, adrenal cortex tumor and hyper- 
plasia, relation, Mason and Kepler, 
235 
Strontium: Labeled, metabolism, para- 
thyroid extract effect, Tweedy, 105 
Succinic dehydrogenase: Oxygen pres- 
sure effect, Stadie and Haugaard, 
153 
Sulfanilamide: -Like compounds, inor- 
ganic iodide conversion to thyroxine 
and diiodotyrosine in vitro, relation, 
Taurog, Chaikoff, and Franklin, 537 
Sulfide: Sulfur, fate, radioactive sulfur 
in study, Dziewiatkowski, 723 
Sulfonamide(s): Amine formation by 
bacteria, effect, Sietienand Fox, 333 
Sulfur: Sulfide, fate, radioactive sulfur 
in study, Dziewiatkowski, 723 
Sweat: Sce Perspiration 


T 


Tartaric acid: Ita-, Aspergillus terreus 
mutant, production by, <Stodola, 
Friedkin, Moyer, and Coghill, 739 

Temperature: Iodine excretion, potas- 
sium iodide and, effect, Spector, 
Mitchell, and Hamilton, 137 

Pantothenic acid excretion, panto- 
thenic acid dosage, humidity, and, 
effect, Spector, Hamilton, and 
Mitchell, 145 

Thiamine: Deficiency, dl-phenylalanine 
metabolism, Kaser and Darby, 279 

Threonine: Blood plasma, determina- 


tion, Hier and Bergeim, 717 
Thromboplastic protein: Human organs, 
isolation, Chargaff, 389 


Thyroid: Iodide, inorganic, conversion to 
thyroxine and diiodotyrosine in vitro, 
sulfanilamide-like compounds, rela- 
tion, Taurog, Chaikoff, and Franklin, 


537 
Thyroxine: Casein, iodinated, deter- 


mination, Reineke, Turner, Kohler, 
Hoover, and Beezley, 599 


Thyroxine—continued: 

Formation, casein, iodinated, man- 
ganese compounds, effect, Reineke 
and Turner, 613 

lodide, inorganic, conversion, thyroid 
in vitro, sulfanilamide-like com- 
pounds, relation, Taurog, Chaikof, 
and Franklin, 537 

Tissue(s): Lipids, age and diet effect, 
Williams, Galbraith, Kaucher, and 


Macy, 463 
—, growth effect, Williams, Galbraith, 
Kaucher, Moyer, Richards, and 
Macy, 475 
Metabolism, in vitro, cyanide loss, 
Riggs, 381 


Tocopherol: Rice bran extract and, caro- 
tene preservation, effect, Tomarelli 


and Gyérgy, 367 
Transaminase: Green, Leloir, and 
Nocito, 559 


Tricarboxylic acid: Cycle, Krebs, fatty 
acid oxidation, relation, Lehninger, 


413 
Tryptophane: Nicotinic acid require- 
ment, effect, Briggs, 749 


Protein hydrolysates containing, prepa- 
ration, properties, and administra- 
tion, White and Sayers, 485 

Tumor: Adrenal cortex, urine andros- 
tane-3(a),11-diol-17-one isolation, 
relation, Mason and Kepler, 235 

Tyrosine: Diiodo-, iodide, inorganic, con- 
version, thyroid in vitro, sulfanil- 
amide-like compounds, _ relation, 
Taurog, Chaikoff, and Franklin, 537 


U 


Uricase: Oxygen pressure effect, Stadie 
and Haugaard, ‘181 
Urine: Androstane-3(a),11-diol-17-one 
isolation, adrenal cortex tumor and 
hyperplasia, relation, Mason and 
Kepler, 235 
Ascorbic acid, conditions affecting, 
Shields, Johnson, Hamilton, and 


Mitchell, 351 
Catechol determination, Baernstein, 
685 
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Urine—continued: 

Dehydroascorbic acid, conditions af- 
fecting, Shields, Johnson, Hamilton, 
and Mitchell, 351 
Hydroquinone determination, Baern- 
stein, 685 
Phenol Baernstein, 
685 

Pregnanediol-3a,17-one-20 isolation, 
Lieberman and Dobriner, 269 
Steroids, adrenal cortex tumor and hy- 
perplasia, relation, Mason and 
Kepler, 235 

V 


Valine: Blood plasma, determination, 
Hier and Bergeim, 717 


determination, 


INDEX 


Vitamin(s): A, neo-8-carotene U, rela. a 
tion, Kemmerer and Fraps, s 

B,. See also Thiamine 5 
Bs, function, Lichstein, Gunsalus, and * 


Umbreit, 3ll 
M, Lactobacillus casei factor, relation, ; 
Day, Mims, and Totter, 45 @ 
X 
Xanthine(s): Methyl-, blood prothrom. @ 
bin, effect, Quick, 33 
—, dicumarol and, blood prothrombin, q 
effect, Quick, 3 
Oxidase, oxygen pressure effect, Stadie 3 
and Haugaard, 18] 3 
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